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Abstract

Amorphous and crystalline silicon nanocomposites have been shown to act as ef-

fective “sensitizers” for erbium ions. In the present work, a series of erbium-doped

(0.2 at.%) SiOx:Er films (x = 1 − 1.8) were synthesized by physical vapor deposi-

tion and subsequently annealed at temperatures ranging from 400◦C to 1100◦C to

induce phase separation and cluster growth. Silicon nanocluster (Si-NC) and Er3+

photoluminescence intensity spectra and dynamics were investigated as a func-

tion of SiOx composition, annealing temperature, pump wavelength and power,

and specimen temperature in order to determine characteristic cross-sections and

to map the efficiency of the energy transfer process between Si-NCs and Er3+ ions.

Additionally, two types of optical waveguides based on SiOx:Er materials were fab-

ricated using conventional CMOS compatible microfabrication processes. Waveg-

uide propagation losses as well as signal absorption and enhancement were in-

vestigated under pumping conditions to evaluate the use of SiOx:Er materials as

amplifying media.
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1

CHAPTER 1

Introduction: Light emission from silicon

1.1 The need for a silicon-based light source

In 1965, Intel co-founder Gordon Moore published his famous article about “cram-
ming more components onto integrated circuits”1, creating what is known today as
Moore’s Law. By analyzing statistical data about the evolution of the microelectron-
ics industry, Moore discovered that the number of transistors that could fit onto a
square inch of silicon doubled every year. Although Moore had to revise the dou-
bling period ten years later (to two years), his “law” still holds true up to this day.
This rapid evolution in the complexity of integrated circuits (ICs) is enabled by scal-
ing. Starting from dimensions of tens of micrometers, the minimum size that can be
patterned on a silicon chip has been reduced to less than 100 nm in recent years, in
turn enabling the arrangement of an increasing number of electronic components
on the same area. Scaling benchmarks are set and monitored through the Interna-
tional Technology Roadmap for Semiconductors (ITRS), published every other year by
a consortium representing the semiconductor industry.2 It specifies requirements,
possible solutions, and time frames for the semiconductor industry over the next
fifteen years to come. In recent years, the ITRS has pointed out a problem associ-
ated with continued scaling that would eventually slow down Moore’s Law; the
so-called “interconnection bottleneck”. As the number and density of electronic
components in a single integrated circuit increases, more closely spaced intercon-
necting wires are necessary to link all those components together. Scaling also
reduces the cross sectional area of each wire, proportionally increasing its electri-
cal resistance. This leads to limiting factors such as capacitive charging delays and
power dissipation. In the roadmap, these issues compose the so-called “red brick
wall”.

Among different approaches that are being investigated to overcome the above
obstacles, optical solutions are considered a primary option for replacing electronic
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interconnects3,4. The information would be carried not by electrons, but by an op-
tical signal (i.e. photons). An analogous transformation from electronics to pho-
tonics is successfully taking place with the development of optical fiber networks.
Integration of optical functionality on an electronic circuit - so-called microphotonics
- could become an important technology in the near future. The potential advan-
tages of using photonic interconnects (i.e. waveguides) are manyfold. Photons,
unlike electrons, are immune to cross-talk and electromagnetic interference, can
have very low transmission losses, and perhaps most significantly, have practi-
cally unlimited information carrying capacity. One additional advantage of optical
interconnects is the possibility of wavelength multiplexing of signals simultane-
ously on the same waveguide, as is common practice in fiber optics. The goal in
microphotonics is to create high performance optical devices, including light emit-
ters (lasers), waveguides, modulators, and detectors, from a set of complementary
metal-oxide-semiconductor (CMOS) compatible materials.

Naturally, silicon is a desirable material for the implementation and integration
of microphotonics. Silicon is the predominant semiconductor material in electron-
ics and microchip technology and has been called the “engine” of the information
revolution5.

The importance of silicon is due to its outstanding electronic properties, nat-
ural abundance, good thermal conductivity, and good mechanical strength. Fur-
thermore, its oxide (SiO2 ) is a very good insulator, that can passivate surfaces and
act as an effective diffusion barrier. All of these properties made silicon the lead-
ing material in microelectronic applications. But silicon can do well in photonics
as well; it has a high refractive index of about 3.5 and a small intrinsic absorption
at infrared wavelengths. The fabrication processes and techniques available for
silicon are a mature technology that allow production of structures in micrometer
and nanometer size, and can readily be utilized to build photonic devices on sili-
con circuits. As a result, the optical properties of silicon and the development of
Si-based photonic devices have been important topics in research for decades, and
today most building blocks for integrated photonics, such as low-loss waveguides,
modulators, and switches, have been designed and monolithically integrated on
silicon. Up to now, one significant limitation in achieving fully integrated photon-
ics and electronics on a silicon chip has been the lack of an efficient Si-based light
emitter or a Si-laser, which are needed to generate light and to balance the losses
caused by passive devices such as splitters and switches.

1.2 Silicon light emission

1.2.1 Bulk crystalline silicon

Despite its many advantages as a semiconductor material, crystalline silicon is an
inefficient light emitter with a quantum efficiency for photon emission of ∼ 10−7
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to 10−6 at room-temperature in standard electronic grade silicon6–8, four orders
of magnitude smaller than for direct bandgap semiconductors. The quantum effi-
ciency is defined as the number of generated photons as a fraction of the number of
excited electron-hole pairs. This fact constitutes a major drawback in the attempt
to replace the electronic devices on a silicon-based microchip with photonic com-
ponents. The existence of a bandgap, i.e. forbidden energy regions, in a crystal is

Fig. 1.1: Theoretical band structure of crystalline
silicon after Ref. 9. The indirect-bandgap charac-
ter of silicon is evident by the mismatch in wave
vectors for the positions at which valence band
maximum and conduction band minimum oc-
cur.

closely related to the periodicity of the crystal lattice. This periodicity is accounted
for in the Hamiltonian by the crystal potential. Bloch’s theorem states that the solu-
tions to the Schrödinger equation for electrons influenced by a crystal potential can
be described as the product of a plane wave and a function with the same periodic-
ity as the crystal lattice. Allowed values of the electron wavevectors k depend upon
the long-range order and symmetry of the crystal lattice10, and often band structure
diagrams of E as a function of k are used to illustrate the allowed electron ener-
gies in a crystal. The energy band structure in semiconductor materials is derived
from the relationship between the momentum and energy of a charge carrier, not
only depending on the crystal structure but also on the bonding between atoms,
the respective bond length, and the chemical species11. These band structures are
often quite complex and their calculation elaborate; a result of such a calculation
is shown in Fig. 1.1 for crystalline silicon. It is easy to see that bulk crystalline
silicon is an indirect bandgap semiconductor, since the conduction band minimum
(near the X point at the Brillouin zone boundary) occurs at a different wavevec-
tor k compared to the valence band maxima (Γ point at the Brillouin zone center).
The vertical separation between the valence band maximum and the conduction
band minimum (i.e. the difference in energy of the electron states) is termed the
“electronic” bandgap, Eg. Since optical transitions conserve both energy and crys-
tal momentum, only phonon assisted absorption and emission processes can occur
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in silicon and other indirect bandgap semiconductors. This makes the probability
for spontaneous recombination very low and thereby the radiative decay lifetime is
long ( >∼ 1 ms) compared to competing non-radiative transitions with much faster
rates (ns to µs). This ultimately results in a low quantum efficiency, severely re-
stricting the possibilities for the development of effective light emitters based on
recombination across the fundamental bandgap.

Different strategies, summarized by Lockwood and Pavesi11 as materials engi-
neering, have been researched in recent years to overcome the limitations of the
indirect bandgap in silicon:

• Band structure engineering aims to modify the band structure of bulk silicon
and fabricate a direct bandgap material. One strategy described in Refs.12,13

utilizes the deposition of superlattices, with layer thicknesses on the order of
the unit cell dimensions, by molecular beam epitaxy. The periodicity of these
superlattices results in the “folding back” of the electronic band structure into
a reduced Brillouin zone, thereby creating a direct bandgap. Another way to
change the band structure is by alloying of germanium or carbon with silicon.

• Quantum confinement effects in nanostructured Si have received a large
amount of attention lately, including porous silicon, nanoclusters, quantum
wells, quantum wires, and quantum dots. In these small structures - with
diameters less than the size of the free exciton Bohr radius in bulk Si (4.3 nm)
- the electron-hole wavefunction overlap is increased by quantum confine-
ment, resulting in enhanced radiative rates. The requirement for momentum
conservation is relaxed in small structures due to the uncertainty principle,
increasing the probability for direct transitions.

• Impurity doping is another possibility to achieve efficient light emission from
silicon. By introducing localization centers for electron-hole recombination,
such as rare-earth ions14, carbon complexes15, or sulfur/oxygen complexes16,
efficient light emission can be achieved. Combining the effects of quantum
confinement in nanostructured silicon with the insertion of efficient light emit-
ting impurities (i.e. rare-earth metal ions) has shown great potential and will
be one of the main topics of this thesis.

1.2.2 Bulk amorphous silicon

Since amorphous Si (a-Si) does not possess a periodic lattice and long-range or-
der as does crystalline silicon, its electrons cannot be described by Bloch waves.
Therefore, reasoning of the existence of a band gap in a-Si via the Bloch construc-
tion in conventional crystal theory fails and no E(k) band structure representation
exists.9 A “proof-of-existence” theorem for the bandgap in amorphous solids was
presented by Weaire and Thorpe17,18, only short-range order due to bonding being
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Fig. 1.2: Schematic density of states for a typi-
cal amorphous semiconductor. Ec and Ev are
the mobility edges for the conduction and va-
lence bands, whereby Eg = Ec − Ev defines
the mobility gap. Coordination defects mani-
fest themselves as deep-gap defect states. Dotted
lines represent abrupt band edges of a crystalline
semiconductor. (After Ref. 9)

considered in their model. It was shown that, although the representation in an
E(k) diagram is not applicable, a bandgap can exist in a-Si; e.g. there is no overlap
between the energy band created by bonding orbitals (valence band) and the band
created by antibonding orbitals (conduction band).9

A concept shared by both crystalline and amorphous solids is that of the density
of states (DOS)N(E), shown schematically for a typical amorphous semiconductor
in Fig. 1.2. The effect of the topological disorder in an amorphous lattice is the
broadening of the sharp parabolic band edges of the crystal case into an exponential
distribution of states trailing off into the mobility gap, the so-called band tails. The
mobility gap is defined by the mobility edges Ev and Ec, the energies marking the
boundary between the localized states in the band tails and the extended states
in the valence and conduction bands, respectively (see Ref.9 for a more detailed
treatment). Irregularities in the ideal continuous random network of the amorphous
semiconductor introduce a narrow band of localized defects states within the gap,
thereby pinning the Fermi level near mid-gap.

It is evident from Fig. 1.1 that the minimum energy for vertical transitions in
crystalline-Si is on the order of 3 eV. The restrictions on k due to the indirect na-
ture of the bandgap prevent efficient emission of photons with energies below 3
eV, although the electronic bandgap is only ∼1.12 eV. In amorphous-Si, however,
the strong scattering caused by the structural disorder creates a large uncertainty
in the wavevector k. As such, an overlap of states in real space is sufficient to
promote efficient transitions20. The relaxation of momentum-conservation rules in
amorphous-Si also makes the distinction between direct and indirect bandgap ir-
relevant. Interband electronic transitions are allowed in a-Si for all energies above
the mobility gap of about 1 eV, greatly increasing the probabilities for optical tran-
sitions in the 1 to 3 eV range, leading to a much higher absorption coefficient (> 105
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Fig. 1.3: High-resolution electron microscope
images and diffraction data for SiO films an-
nealed at 500 and 1000 ˚ C showing amor-
phous Si nanocluster (500 ˚ C) and Si nanocrystal
(1000 ˚ C). After Ref. 19.

cm−1) in the visible wavelength region as compared to c-Si (∼ 103 cm−1 at λ = 700
nm).

1.2.3 Silicon nanocomposites

Since traditional group III-V alloy photonic materials are relatively incompatible
with CMOS microelectronic fabrication processes - primarily due to mismatched
crystal lattice constants with respect to Si - nanostructured silicon has been actively
explored as an alternative light emitter for silicon photonics. In 2000, articles by
Canham21 and Pavesi et al.22 published in Nature highlighted how promising the
quantum confinement approach could be and sparked renewed and increased in-
terest in silicon based nanostructures and their properties. But the story of bright
light emission from silicon nanocomposites already began in 1984 with the first re-
port of drastically altered photoluminescence (PL) efficiency in so-called ’porous
silicon’, produced by partial electrochemical dissolution of silicon wafers in hy-
drofluoric acid based electrolytes9. Such porous Si films feature dot- or column-like
silicon grains (embedded in SiO2 ), and can yield intense PL in the visible wave-
length range.23 Similar observations have since been made in nanostructured sili-
con materials (see Fig. 1.3) fabricated via thermal precipitation of silicon nanoclus-
ters from films of SiOx deposited by ion implantation24,25, sputtering26–28, plasma-
enhanced chemical vapor deposition (PECVD)29,30, and thermal co-evaporation of
silicon rich oxides (SRO)31,32, and others. Most of these deposition techniques al-
low for the incorporation of rare-earth ions as well.
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The observed optical behavior was first recognized as a quantum confinement
effect by Canham in 1990.33 Both crystalline and amorphous Si nanoparticles gen-
erally show broad photoluminescence bands in the visible to near-infrared spectral
region, blueshifted with respect to the electronic bandgap of silicon. These broad
luminescence spectra seem to be caused by contributions from nanoparticles with
different sizes, although the fundamental radiative recombination processes in a-Si
nanoparticles are thought to be different from those of silicon nanocrystals.34

1.2.3.1 Silicon nanocrystals

Efficient luminescence observed in silicon nanocrystals materials is generally at-
tributed to the transitions between confined electron and hole states inside the
nanocrystal, the so-called quantum confinement effect.35 Once a semiconductor struc-
ture is reduced to nanometric sizes (i.e. a quantum dot) comparable to the exci-
ton Bohr radius∗, its electronic states become localized within the nanocrystal and
the momentum distribution spreads due to the Heisenberg uncertainty relations.37

Moreover, due to the boundary conditions, only certain wavefunctions can exist;
the energy of the confined particles becomes quantized.6 In the simplest model of
infinitely high potential barriers at the quantum dot boundary it is possible to es-
timate the energies of electrons and holes localized inside the nanocrystal (via an
effective mass approximation) as proportional to 1/r2, where r is the nanocrystal
radius. The optical gap is given by37

Eg (r) = Eg +
A

r2
, (1.1)

where Eg is the bandgap of bulk silicon, A is some positive constant, and A/r2

represents the total energy of the non-interacting electron-hole pairs inside the dot.
It is evident that: (i) the nanocrystal bandgap energy is increased compared to the
bulk value of Eg = 1.12 eV due to the additional positive term A/r2, and (ii) the
photon energy increases as the nanocrystal size decreases. Most experimental data
suggests a size dependence proportional to 1/rb with 1 < b < 1.5 rather than
∗The hydrogen-like state of a bound electron-hole pair, or exciton, is characterized for a given

crystalline material by its exciton Bohr radius,

aB =
ε~2

µe
= ε

m0

µ
× 0.53 Å

and its exciton Rydberg energy,

Ry∗ =
e2

2εaB
=

µe4

2ε2~2
=

µ

m0

1

ε2
× 13.6 eV

where µ = (m∗−1
e +m∗−1

h )−1 is the reduced mass of the electron-hole pair, ε is the dielectric constant
of the crystal, m0 is the rest mass of an electron, and m∗e and m∗h are the effective masses of an
electron and hole, respectively, in the crystal. Refer to Ref. 36 for a derivation and discussion of these
quantities.
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1/r2 as in the simplest quantum mechanical model.37 Such an increase is generally
termed a blueshift, since the photon energy shifts toward the shorter-wavelength
region of the visible spectrum.

In addition to the quantum confinement effect, several recombination mecha-
nisms at radiative centers and non-radiative traps, homogeneous and inhomoge-
neous broadening, and energy transfer may affect the overall emission spectrum
as well.38 In fact, a variety of theories exist in order to explain the occurring red-
shift between absorbing and emitting states. For example, proposed Si==O dou-
ble bonds at the NC-to-SiO2 interface are suspected to form a radiative sub-gap
state39. A spectral redshift has also been attributed to states caused by Si-O-Si
bridging bonds40, while Daldosso et al.41 have suggested that a redshift might be
caused by Si-enriched shell regions that possibly form around the exterior of the
nanocrystals. Also, the strained Si-SiO2 interface can result in distortions in the
core of the silicon nanocrystals, which in turn may lead to a redshift of the emis-
sion energy as shown in theory elsewhere.42. The coupling of surface bond vi-
brational modes to the quantized nanocrystal levels can create a redshift as well43,
and finally nanocrystal-to-nanocrystal interaction can produce additional localized
states within the bandgap44,45 for closely spaced nanocrystals (distances of a few
atomic spacings). Possible involvement of some or all of these mechanisms in the
luminescence process makes interpretation of Si-nanocrystal spectra difficult, con-
sidering that all these mechanisms are strongly influenced by the size distribution
and the spacing of the nanocrystals.46

1.2.3.2 Amorphous silicon nanoclusters

Similar dependence on size and nanocluster spacing of the emission energies have
been observed in nanoscale amorphous silicon (a-Si), which has sometimes been at-
tributed to quantum confinement (QC).47,48 On the other hand, bandtail-to-bandtail
transitions represent the dominant contribution to photoluminescence in amor-
phous semiconductors and the lack of crystallinity in small amorphous silicon nan-
oclusters casts doubt on the importance of quantum confinement effects in deter-
mining the emission energy.34,49 One is faced with “an apparent contradiction: ev-
idence for localized transitions versus evidence for a size dependence”, implying
delocalized transitions.50 This contradiction can be solved with arguments consid-
ering spatial - rather than quantum - confinement effects.

The basic principles of the spatial-confinement model as introduced by Estes
et al.50 are shown schematically in Fig. 1.4. An electron-hole pair is initially ex-
cited into the extended band states of a-Si by absorbing a photon. It then rapidly
relaxes to the lowest-energy band-tail states accessible within a capture radius Rc
via tunneling. Upon reaching the lowest-energy state available within Rc, the car-
riers recombine either radiatively (thereby emitting a photon) or non-radiatively
in case the carrier diffuses to a quenching center. The diffusion of electrons and
holes are assumed to be uncorrelated in this description.50 Vertical dashed lines in
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Fig. 1.4: The effect of spatial confinement on
emission from a-Si. Photogenerated electron-hole
pairs recombine to the deepest available state
within a capture radius Rc via tunneling between
localized band-tail states. By spatially limiting the
recombination volume, the average emission en-
ergy and efficiency both increase. (After Refs. 9,50)

Fig. 1.4 demonstrate the effects of small cluster sizes on this process: the accessible
capture volume of the bulk material is reduced by spatial confinement in the small
a-Si cluster, preventing the carriers from reaching deeper band-tail states, thereby
increasing the effective bandgap. Considering this model, the size dependence of
amorphous silicon nanoclusters can be understood as a statistical phenomenon.
Reduced cluster sizes decrease the probability for a carrier to find a lower-energy
state and the emission energy becomes blueshifted.

1.3 Light emission via Er3+ ion doping

Rare-earth doped silicon has received much attention as a potential material for
fabrication of light sources and optical amplifiers. Optical properties of rare-earth
ions in solids have been investigated in great detail and are generally well under-
stood52,53. The rare earths, otherwise referred to as lanthanides, comprise the series
of the elements in the sixth row of the periodic table of elements from lanthanum
to ytterbium. When incorporated in a solid host, rare-earth ions preferably ex-
ist in a trivalent oxidation state (3+) and are characterized by a partially filled 4f
shell that is shielded from external fields by 5s2 and 5p6 electrons. As a result of
this shielding of the 4f electrons, rare-earth electronic levels are influenced much
more by spin-orbit interactions than by the external crystal field; the positions of
the energy levels are therefore largely insensitive to the environment or host ma-
terial. Since intra-4f transitions are parity forbidden and are only made partially
allowed by crystal-field interactions, luminescence lifetimes are rather long (often
in the millisecond range), and linewidths narrow. A detailed account of rare-earth
ion energy levels was first published by Dieke et al. in 196851 and is summarized
in a so-called Dieke diagram for the isolated 3+ ions of each of the lanthanides as
shown in Fig. 1.5.

In recent years most of the interest in luminescent rare-earth ions has concen-
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Fig. 1.5: “Dieke” diagram of energy level structure for trivalent rare-earth ions in a crystalline host. The
thickness of each line indicates manifolds of levels due to crystal-field splitting; hanging semicircles denote
radiative transitions from that level to the ground state. (After Ref. 51)
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Fig. 1.6: Rare-earth ion emission bands compares
to wavelength dependent absorption in SiO2 .

trated on one species: Trivalent erbium (Er3+ ). The electronic structure of Er3+ is
[Xe] 4f11, with [Xe] representing the closed shell configuration of xenon. Of special
interest is the Er3+ emission band around 1.54 µm , which is a near-perfect fit to the
attenuation minimum of optical fibers as shown in Fig. 1.6.

1.3.1 Er3+ electronic configuration

The energy levels and sub-levels of Er3+ ions (and any other rare-earth material)
are determined by the electronic configuration of the 4f -electrons and the effects
of the surrounding environment on these electrons. A term symbol notation of the
form 2S+1LJ is used to describe and term levels according to the Russell-Saunders
coupling scheme for atomic states of multiple electron atoms. Here, L and S are
the orbital and spin contributions to the total angular momentum, J . For a free ion
with N electrons, the operators L and S are given by

L =
N∑
k=1

lk (1.2)

and

S =
N∑
k=1

sk (1.3)

where lk and sk are the orbital and spin operators of the kth electron and the value
of L is converted into a letter according to the same code as is used for the s, p, d,
... designations of atomic orbitals. Therefore L = 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10... = S,
P, D, F, G, H, I, K, L, M, N ... and so on. Given the total spin S, the multiplicity is
calculated as 2S+1. For example in case of a level with parallel spin: S = 1

2 + 1
2 = 1
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Fig. 1.7: Schematic of dif-
ferent energy level split-
ting mechanisms for the
Er3+ ion 4I state. Spin-
orbit splitting, and the Stark
split due to the crystal
field create a number of
sub-levels. Inhomogeneous
broadening due to site-to-
site difference (see Fig.??)
and homogeneous broaden-
ing caused by thermal fluc-
tuations create overlaps of
closely spaced levels in a
manifold, resulting in quasi
continuous bands. (After
Ref. 54)

and 2S + 1 = 3, this would be a triplet. Finally, the total angular momentum
quantum number J is given by

J = L+ S,L+ S − 1, ..., |L− S| (1.4)

Electrostatic interaction of the 4f -electrons define isolated atomic energy levels
such as 4I, 4F, 4S, and 2H. Spin-orbit coupling between the electron’s spin and the
nucleus’s electric field causes these atomic levels to split into different sub-levels,
which are sharp for a free ion. Placed in a crystal field (i.e. a solid) however, each
sub-level is split further into a manifold of more closely spaced sub-levels as illus-
trated in Fig. 1.7. This effect is called Stark splitting in case of an external electric
field and Zeeman splitting in case of an external magnetic field, and will hereafter
be termed crystal-field splitting. In glass materials, the electrostatic interaction be-
tween ions and lattice is dominant, and crystal-field splitting is therefore caused
by the Stark effect. The number and spacing of split sub-levels depend on the to-
tal angular momentum, J , and the magnitude of the local electric field, which in
turn depends on the position of the Er3+ ions within the host matrix. For the Er3+

ground level 4I15/2 crystal-field splitting creates a maximum of (2J+1)/2 = 8 levels,
whereas for the first excited state 4I13/2 a maximum of 7 levels are formed.

At thermal equilibrium, the levels in each manifold are populated according
to a Boltzmann distribution (indicated by different shades of gray in Fig.1.7); the
ratio of populations (Na, Nb) of any two levels (a, b) created by crystal-field splitting
depends on the energy difference (Eb − Ea) between the levels and the absolute
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Fig. 1.8: Erbium emission spectrum from a
SiO:Er waveguide pumped at 980 nm. The spec-
trum is fit with gaussian functions representing
different transitions between sub-levels created
by crystal-field splitting. Blue gaussian curves
represent transitions from the lowest sublevel in
the 4I13/2 manifold to each of the levels in the
4I15/2 manifold, yellow curves represent tran-
sitions from the next higher level in the 4I13/2
manifold to the ground levels, and so on (see de-
tails in appendix C).

temperature T in degree Kelvin, and is given by

Na

Nb
= exp

(
Eb − Ea
kBT

)
(1.5)

where kB is Boltzmann’s constant (8.617 x 10−5 eV/K).
Optical transitions between the first excited state and the ground state of Er3+

can in theory take place between any two levels, one from each manifold, resulting
in a total of 56 possible transitions with different energies or wavelength, respec-
tively. Inhomogeneous broadening due to site-to-site differences in the crystal field
and homogenous broadening due to thermal fluctuations further broaden each
sub-level, creating nearly continues bands as observed in the emission spectrum
in Fig. 1.8. Here, the luminescence spectrum of the 4I13/2 to 4I15/2 Er3+ transition
obtained from experiment (black) is fitted by the sum (red) of different gaussian
curves, each representing one possible transition from the upper to the lower man-
ifold. Blue curves, for example, represent transitions from the lowest crystal-field
split level in the upper 4I13/2 manifold to each of the crystal-field split levels in
the ground state manifold, starting with the strongest transition to the ’absolute’
ground (E=0) with a wavelength around 1.534 µm . Transitions to levels of higher
energies are less intense, following the exponential decrease in population density
given by the Boltzmann distribution. The same can be observed for transitions
from higher levels in the upper manifold to the ground state levels, shown in yel-
low, green, brown, cyan, and orange in Fig. 1.8.
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1.3.2 Er3+ in bulk crystalline silicon

At low temperatures, luminescence originating from the radiative transition from
the 4I13/2 energy level to the 4I15/2 ground level is readily observed from Er3+ ions
embedded in silicon. Excitation of the Er3+ ions is sensitized by the silicon host
through a carrier-mediated process after an electron-hole pair is generated by an
impinging photon with an energy greater than the bandgap, and an exciton be-
comes trapped at a erbium related trap site. Erbium ions can then be excited via
energy transfer from recombining electron-hole pairs53(the physical mechanisms
of the energy transfer will be outlined later). However, room temperature photolu-
minescence from erbium-doped silicon presents a considerable technical challenge,
due to the presence of strong temperature quenching effects. These include back-
transfer, in which an excited Er3+ ion transfers energy back to the silicon, and the
impurity Auger effect, in which the erbium transfers energy to a free carrier in the
conduction or valence band of the silicon.53 Another problem is the relatively low
solubility (∼ 2 × 1016 cm−3) of Er3+ ions in crystalline silicon. A combination of
ionic radii mismatch and the sp3 bonding of the silicon host means that it is difficult
to incorporate high concentrations of erbium in crystalline silicon by equilibrium
techniques such as thermal diffusion. Amorphous Si (a-Si) and SiO2 can accom-
modate much higher Er3+ concentrations due to their random network and defect
structure.

1.3.3 Er3+ co-doped Si-nanoclusters in SiO2

The discovery of efficient energy transfer from silicon nanocrystals to rare-earth
ions has sparked increased interest in hybrid material systems containing both Si
nanocomposites and rare earths - particularly Er3+ - embedded in a SiO2 host in
order to achieve light emission in the technologically important wavelength region
around 1.54 µm55,56. A schematic of this sensitization process is shown in Fig.
1.9. Materials containing both Si-NC and Er3+ ions take advantage of the relatively
large absorption cross section of silicon (∼ 10−16cm2) as compared to the very small
excitation cross section for resonant excitation of Er3+ ions (∼ 10−21cm2); a differ-
ence of about 5 orders of magnitude. Furthermore, Si-NC absorb over a broad
wavelength range in the visible and UV, bypassing the requirement of expensive
high power pump lasers.

Beyond certain critical concentrations, rare-earth ions tend to form precipitates
(so-called ’clusters’) in most solid hosts. Such clusters quench the luminescence
from Er3+ ions due to increased rates of non-radiative ion–ion interactions. Be-
sides supporting a much higher solubility of erbium ions as compared to Si, SiO2

as a host material also supplies the oxygen atoms for the Er3+ ions to be coordi-
nated in a sixfold C4v symmetry with oxygen, which is the local structure of an op-
tically active center. Additionally, incorporation of oxygen significantly increases
the energy barrier for backtransfer and impurity Auger effects due to an increased
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Fig. 1.9: Schematic of the simplified sensitization process between Si-NC and Er3+ ion. In (a), and incident
photon is absorbed by the nanocluster, exciting an electron-hole pair. This electron-hole pair recombines
non-radiatively and thereby transfers its energy to the Er3+ ion as shown in (b). Finally, the Er3+ ion emits
light with a wavelength corresponding to its characteristic energies in (c). (After Ref. 9)

bandgap with respect to bulk silicon, enabling efficient luminescence even at room
temperature57,58. General features of the luminescence from Er3+ and other rare-
earth ions in Si-NC sensitized materials are:

• For a given pump intensity, the rare-earth emission is much more intense
than luminescence observed in a pure SiO2 host or in bulk crystalline silicon

• The emission spectrum suggests that light is emitted from ions embedded in
the SiO2 host, not in the silicon nanocluster

• The rare-earth-related luminescence may have only a weak dependence on
temperature

• Increasing the rare-earth concentration leads to an increase in rare-earth re-
lated emission intensity (up to a point where concentration quenching be-
comes dominant) , whereas the luminescence from the Si-NC is quenched

Nevertheless, many details, such as the exact nature of the energy transfer from
Si nanocrystals to Er3+ ions, as well as its characteristic rate59–62, the characteris-
tic transfer distance63–65, and the maximum number of Er3+ ions sensitizable per
nanocrystal66,67 - just to mention a few of the most important - are still uncertain.

Most recent studies of Er-doped silicon nanocomposites have relied on thermal
processing on the order of 1000◦C or more to induce phase separation in silicon-
rich oxides (SRO), temperatures incompatible with standard complementary metal
oxide semiconductor (CMOS) fabrication processes. Despite this significant bar-
rier for monolithic integration, considerably less attention has been brought to ma-
terials in which the Er3+ ions are sensitized via amorphous silicon nanoclusters,
requiring much lower processing temperatures on the order of 400◦C to 600◦C .
Amorphous Si-NC exhibit comparable luminescent properties to their crystalline
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counterparts, and have been shown to sensitize Er3+ via an efficient energy trans-
fer. In fact, it has been reported recently, that amorphous silicon clusters with a size
of around 2 nm in diameter in erbium co-doped SRO sensitize Er3+ ions even more
effectively than Si-nanocrystals68,69, resulting in a higher luminescence yield and
possibly increasing the chance to obtain optical gain in these materials.

1.4 Energy transfer and sensitization

The efficient energy transfer mechanism between silicon nanoclusters and Er3+

ions is the reason for the strong research interest in these co-doped materials. But
besides the fact that the exact nature of this sensitization process is not resolved
in detail, various other interactions - such as NC-NC interactions and Er3+ -Er3+

interactions - must be considered, which in general behave as loss mechanisms and
are therefore undesirable for optical amplification.

1.4.1 Transfer mechanisms

The three fundamental energy transfer mechanisms present in the NC-Er3+ system
are: radiative energy transfer, multi-polar Coulomb (Förster) energy transfer, and
the energy transfer via overlapping wavefuntions (or Dexter energy transfer), each
of which exhibits a characteristic energy transfer rate depending on NC size and/or
spacing.

1.4.1.1 Resonant radiative transfer

In this process, radiative recombination of the donor (D) creates a real photon of
energy hν. The emitted photon can then be absorbed by an acceptor (A) with a
level of equal energy, exciting it to the matching state. The efficiency of such a
process is determined by the absorption cross-section of the acceptor, the transfer
rate of this process scales with the separation distance, R, between D and A as9,70

wtr = wpl
σA

4πR2

∫
gD (ν) gA (ν) dν, (1.6)

where σA is the absorption cross-section of A, wpl is the donor photoluminescence
rate, and gD(ν) and gA(ν) are the donor emission spectrum and acceptor absorp-
tion spectrum, respectively. The rate for this direct photon transfer shows a 1/R2

dependence.

1.4.1.2 Multi-polar Coulomb transfer

The second fundamental interaction mechanism is a non-radiative multi-polar en-
ergy transfer first described by Förster71 for the case of dipole-dipole transfer. In-
teractions of this sort are often referred to as Förster transfer. In this mechanism,
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electron-hole pairs migrate from the donor (D) to acceptor (A) by a dipole-dipole
or higher-order multipole coupling. The transfer rate in the dipole-dipole case de-
pends on the separation distance, R, between D and A as

wtr = wpl

(
R0

R

)6

, (1.7)

where wpl again is the donor photoluminescence rate, and R0 is the distance at
which wtr = wpl. Considering dipole-quadrupole interactions one would simply
replace the 6 in the exponent with an 8, and so on.72 R0 itself depends on the spec-
tral overlap integral between donor (D) and acceptor (A). In the Miyakawa-Dexter
theory73, the resonant Förster transfer rate is modified by accounting for electron-
phonon coupling parameters in the density of states functions of D and A, allowing
for phonon-assisted non-resonant transfer with a rate73

wtr = wpl

(
R0

R

)6

× exp (−β∆E) , (1.8)

where β depends on the electron-phonon coupling strength, and ∆E represents
the energy mismatch between donor and acceptor state.

1.4.1.3 Overlapping wavefunction transfer

If donor (D) and acceptor (A) are very closely spaced, the probability for energy
transfer due to electron exchange effects can become close to unity as a result of
the overlap of the electron wavefunctions of donor and acceptor72 - the so-called
Dexter transfer. The transfer rate for the the Dexter mechanism is given by74

wtr = w0 exp (−bR) , (1.9)

where w0 is a prefactor, and b is a constant equal to 2/L, with L being the sum of
the mean van der Waal’s radii for the D and A states (e.g. ∼ 0.4 nm for Si and Er).

1.4.2 Nanocluster - nanocluster interactions

Closely spaced nanoclusters (NCs) can exchange charge carriers via at least two
fundamental mechanisms37, single-carrier tunneling and the Förster-type multi-
pole coupling. Typically, phonon-assisted energy transfer is considered in the lat-
ter case, namely the Miyakawa-Dexter73 theory described previously. Both of these
energy migration mechanisms depend more strongly on the distance between the
interacting NCs, as opposed to the strong dependence on NC size seen in radiative
and non-radiative decay rates.

The transfer rate for single-carrier tunneling can be approximated by a Wentzel-
Kramers-Brouillin (WKB) approximation for NCs with nearly the same size (i.e.



18

matched energy levels - resonant condition), and can be written as75

wtunnel =
(

1
2dp

)(
2E
mp

)1/2 16E (V − E)
(
mp/mb

)[
V +

(
mp/mb − 1

)
E
]2

× exp

[
−2db

(
2mb (V − E)

}

)1/2
]
,

(1.10)

where mp and mb are the carrier effective masses in the barrier and the particle, dp
and db are the particle diameter and barrier thickness, V is the barrier height, and
E is the carrier energy. For close distances the tunneling rates are high, but rapidly
decrease below other transfer rates (e.g. Förster-type) for NC separations greater
than ∼ 3 nm.38 In most cases the energy levels of adjacent NCs are mismatched,
tunneling must then be assisted by phonon emission or absorption, causing the
tunneling rates to decrease approximately exponentially over a range of ∆E.

1.4.3 Ion - ion interactions

Rare-earth ions in a solid host exhibit a strong characteristic tendency to ion-ion
interactions.52 Several energy transfer processes between a donor ion (D) and an
acceptor ion (A) are shown in Fig. 1.10. The sensitization processes illustrated in
(a) and (f) indicate radiative energy transfer (solid arrows); i.e. the donor ion emits
a photon with energy hν which is then absorbed by the acceptor ion possessing a
matching energy level. Energy transfers in (b) to (e) on the other hand (dashed ar-
rows) are non-radiative transitions, such as Förster or Dexter transfer as described
above.

Fig. 1.10(b) shows a non-radiative but resonant sensitization process between
two ions with matching energy levels. This energy transfer may be welcome and
beneficial as is the case of Er3+ ions sensitized by Yb3+ ions, or unfavored when
Er3+ ions transfer energy between themselves, resulting in a diffusion of energy
throughout the ensemble. This process is often referred to as pair-induced quench-
ing or excitation migration53,76. Phonon assisted non-resonant transfer (e.g. of the
Miyakawa-Dexter type) is depicted in Fig. 1.10(c); here energy transfer occurs be-
tween mismatched energy levels of different ions, the discrepancy in energy, ε, is
compensated by the creation or annihilation of phonons.

Interactions between identical rare earth ions (D = A, e.g. both donor and ac-
ceptor are Er3+ ) as shown in (d) are often referred to as cross-relaxation processes.9

Here, an excited ion transfers part of its energy to another ion in the ground state,
so that both end up in some intermediate level.

At high concentrations of rare-earth ions, interaction between these ions can
become a significant gain limiting effect. One such process is commonly known
as co-operative upconversion52,76 and is shown schematically in Fig. 1.10(e). In this
process, an excited Er3+ ion de-excites by transferring its energy to another neigh-
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D DDDD D

Fig. 1.10: Schematic representations of various Er3+ -Er3+ interactions. Solid arrows denote radiative
transitions involving absorption or emission of a photon, whereas dashed arrows represent non-radiative
transitions due to an electrostatic, magnetostatic, or exchange interaction between D and A. Type (a) illus-
trates the resonant radiative energy transfer, a photon is emitted by D and thereafter absorbed by A. In (b),
the process is non-radiative (e.g. Förster type transfer), whereas (c) shows the non-resonant version of (b):
the energy difference ε is accounted for by the creation or annihilation of phonons. Two identical ions may
interact by relaxing both to excited states as illustrated in (d), or if both already are excited, D may relax
to the ground state and excite A to a higher excited state as shown in (e). In (f), D recombines radiatively,
emitting a photon that is absorbed by A, exciting it into a higher level. (After Refs. 9,52,70)

boring excited Er3+ (in the 4I13/2 level), promoting it into the 4I9/2 level. This effect
lowers the amount of excited erbium and in turn increases the pump power needed
to achieve population inversion. Co-operative upconversion is only present in sys-
tems possessing a resonant level at twice the energy of the first excited state, as is
unfortunately the case for the 4I13/2 and 4I9/2 levels of Er3+ ions, limiting the gain
in Er-doped systems for concentrations above 1019 − 1020 Er/cm3.

Graph (f) shows yet another gain limiting effect known as excited state absorption
(ESA).76 In this process, an already excited Er3+ acceptor ion absorbs a real photon,
exciting it into a higher state. The photon may be originating from the signal to be
amplified or the pump and therefore affects both maximum possible gain and ex-
citation efficiency. Several authors77,78 refer to the effect described in (e) as excited
state absorption as well, but the use of the term ’absorption’ in this context is mis-
leading, since no real photon is actually absorbed, but the Er3+ ion is rather brought
to a higher excited state by means of a Förster- or Dexter-type energy transfer.

1.4.4 Nanocluster to Er3+ energy transfer

By employing Si-NCs as sensitizers for the optically active erbium in the material,
the absorption cross-section of the Er3+ ions - normally on the order of 10−20 cm2

- effectively becomes similar to that of the nanoclusters (around 10−16 cm2), four
orders of magnitude higher.79 However, the nature of the energy transfer has long
been unclear and vigorously debated.

In general, all three energy transfer mechanisms (radiative energy transfer, multi-
polar coulomb transfer, and transfer via overlapping wavefunctions) must be con-
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sidered between a silicon nanocluster donor and a trivalent erbium ion acceptor.80

In practice, resonant radiative transfer is rather unlikely, due to the high absorp-
tion coefficient of silicon at the wavelengths generally used for optical excitation
and the simultaneously rather small absorption cross-section of erbium.

Several authors63–65,81 report an exponential decrease in transfer efficiency with
increasing distance, yielding characteristic interaction lengths of about 0.5 nm for
a-Si-NC63 and approximately 2.1 nm for Si nanocrystals64. By extending the point-
to-point model to interactions between a thick plane of donors and a thick plane of
acceptors, and comparing the derived model with experiment, our group has re-
cently shown80 that the characteristic transfer distance between c-Si-NC and Er3+

ions can be rather large, as long as 6 to 7 nm. Although both Förster and Dexter
transfer mechanisms can be fit to the data, this long sensitization distance corre-
sponds to un-physically long-range interactions for energy transfer via overlap-
ping wavefunctions. Other authors82,83 have found further indicators of quasi-
resonant Förster-type energy transfer in spectroscopic experiments.

1.4.5 Energy transfer modeling in the NC-Er3+ system

For the development of viable erbium-doped waveguide amplifiers (EDWAs) and
lasers a thorough understanding of the population dynamics in the Si-NC-Er3+

system is essential; in particular, the maximum output power is limited by the
energy transfer rate between the Si-NC and the Er3+ ions. Numerous models of
varying complexity have been proposed to describe the population dynamics of
a NC-Er3+ system77,84, including efforts to determine the relative importance of
several gain-limiting processes. The most elaborate model of such a system to date,
including ion-ion interactions such as co-operative upconversion, was published
by Pacifici et al.84 in 2003.

Due to the large number of free parameters, fitting to experimental data is dif-
ficult and results in calculated transfer rates and cross-sections differing by several
orders of magnitude in some cases.77,84,85 Models generally consist of a simplified
system (e.g. by ignoring Er3+ - Er3+ interactions), including a two-level Si-NC sys-
tem coupled with a three-level Er3+ system as shown schematically in Fig. 1.11.
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The determination of characteristic transfer rates and cross-sections through ex-
perimental work is imperative, in order to gain further understanding of the Si-NC
and Er3+ system and to improve model accuracy. Also of great interest is the re-
duction of gain limiting processes by optimized means of sample preparation.

1.5 Thesis objectives

In this thesis, I will address several of the issues that currently appear to limit or
prevent Er3+ -doped silicon nanocrystals as reliable gain media. I will also investi-
gate the optical properties and photoluminescence behavior of amorphous Si-NC
composites doped with Er3+ - a material that has seen little previous work com-
pared to the vast body of literature on Si nanocrystals. Specific objectives include:

• Optimizing the sample preparation process via PVD to enable simultaneous
deposition of a wide range of SiOx:Er compositions with best possible con-
trol.

• Investigation of the influence of SiOx:Er composition on the energy transfer
efficiency between Si-NCs and Er3+ ions. By covering a wide range of excess
Si concentrations and annealing temperature, I aim to find optimum condi-
tions for the sensitization process.

• A better understanding of the fundamental nature and characteristics of the
energy transfer between the Si-NCs and Er3+ ions through photolumines-
cence spectra and dynamics measurements.

• Fabrication of optical waveguides based on SiOx:Er and other CMOS compat-
ible materials. The goal is to investigate alternative techniques for fabrication
of waveguides based on SiOx:Er materials, including design and testing of
these optical waveguides.

• Investigation of absorption and emission behavior of SiOx:Er waveguides in
different excitation schemes. Estimation of critical cross-sections and transfer
rates is possible from such measurements.
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CHAPTER 2

SiOx:Er photoluminescence and Er3+ sensitization

2.1 Introduction

Many details concerning the energy migration processes in Er-doped silicon NC
systems are still not entirely understood. Fabrication parameters, including ex-
cess silicon concentration, erbium concentration, annealing temperature, and the
synthesis technique itself may influence the sample microstructure and thereby its
potential as a gain medium. Several authors have reported enhanced sensitiza-
tion efficiencies for amorphous Si-NC sensitizers versus Si nano-crystals.68,69 In
this work, a straightforward approach was developed to map photoluminescence
efficiency for a wide range of SiOx:Er compositions. In addition to describing the
deposition details, I also describe experiments to assess their optical properties,
followed by a discussion of the results.

2.2 SiOx:Er film fabrication

Materials comprising silicon nanoclusters and Er3+ ions embedded in a host of
SiO2 or SRO (silicon-rich-oxide) can be fabricated in a variety of ways. Often, ion
implantation is used to introduce the desired percentage of excess silicon into a
SiO2 substrate, followed by subsequent implantation of Er3+ ions.86,87 Other com-
mon techniques are plasma enhanced chemical-vapor deposition (PECVD)88, ther-
mal co-evaporation31,89, co-sputtering26,90, and laser ablation58 of SiO2 and SiO.
Compositions typically range from SiO to SiO2 doped with 0.04 to 2.5 at.% of er-
bium, depending on the fabrication technique and desired stoichiometry. Silicon
nanoclusters (Si-NC) are subsequently produced by annealing (i.e. thermal pro-
cessing) the deposited SiOx films at sufficiently high temperatures to cause a phase
separation process.91,92
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Fig. 2.1: Schematic view of the physical vapor deposition (PVD) system. (a) Schematic of the bell jar
including the three material sources (SiO, SiO2 , Er) used to deposit SiOx:Er thin films. Also shown is the
substrate level with two substrates and two crystal monitors with shielding in place. (b) features a top view
of the substrate level, illustrating the shadowing of S1 from the Er source by the shield SH1, which results
in an undoped sample S1 and an Er-doped sample S2.

2.2.1 Physical vapor deposition

Physical vapor deposition (PVD) by thermal evaporation or sputtering is a ver-
satile approach to form Er-doped silicon nanocomposites. Generally, the source
material is heated to its melting or sublimation point by conductive heating or an
impinging electron beam, and the resulting flux of vaporized material condenses
on a substrate positioned within the line-of-sight of the source.

2.2.1.1 Deposition system

The SiOx:Er thin films in this work were deposited in a high-vacuum physical va-
por deposition (PVD) system as shown schematically in Fig. 2.1 (a). In order to
deposit SiOx:Er thin films with a variety of compositions, the system is equipped
with an electron-beam evaporator unit and two separate holders for thermal va-
porization. This setup enables simultaneous evaporation of up to three source ma-
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terials. Here, Silicon monoxide (SiO - 99.9% pure, Kurt J. Lesker Company), silicon
dioxide (SiO2 - 99.999% pure, Kurt J. Lesker Company), and erbium metal (Er -
99.9% pure, Cerac Inc.) were the source materials. SiO was thermally evaporated
via resistive heating from a “baffled box” source, SiO2 was obtained by electron
beam evaporation, and the Er was vaporized in a tantalum boat through resistive
heating.

The deposition rates and thicknesses of deposited films were determined in situ
by two independent crystal monitor sensors (CM1 & CM2) placed at opposite ends
of the centered substrates (S1 & S2), as illustrated in Fig. 2.1. In order to control
the SiOx:Er film composition during deposition, evaporation rates have to be mon-
itored via the crystal monitors separately; i.e. only the flux from one source reaches
each crystal monitor. When operating at high-vacuum (base pressure: 7− 8× 10−7

Torr) a long mean-free-path is possible∗, so that the evaporants reach the substrates
and the crystal monitors having traveled in a straight line. Shields were put into
place to block the line-of-sight between the sources and the monitors as depicted
in Fig. 2.1 (a); a tube was used to ensure CM1 only receives flux from the SiO
source, whereas a flat shield (SH1) was positioned to block the flux from the SiO
source, but allow vaporized material from the SiO2 and Er sources to reach CM2.
An additional shield (SH2) was affixed to the Er source in such a way as to pre-
vent deposition of erbium on substrate S1 as illustrated (green area) in Fig. 2.1 (b).
This setup allows for deposition of both Er-doped and undoped samples (which
are otherwise equivalent) with relatively good control over film stoichiometry and
thickness, as determined by Rutherford backscattering spectroscopy (RBS).

2.2.1.2 Procedures

Since only two crystal monitors are available in the system to monitor three sources,
the following procedure was put in place to maintain a constant Er deposition rate
for each film.

After the system was evacuated to base pressure (∼ 7 − 8 × 10−7 Torr), the Er
source was heated up first and its deposition rate (typically 0.025 Å/s) was adjusted
using the readings from CM2. Next, the deposition rates for SiO and SiO2 were set
using CM1 and CM2, respectively; the combined rate of SiO and SiO2 were set to 10
Å/s (e.g. 5 Å/s SiO + 5 Å/s SiO2 for SiO1.5). Note that CM2 will display the sum
of SiO2 and Er evaporation, but the Er rate is negligibly small and did not effect
the measured SiO2 rate. Only when all sources are running stably with the desired
rates was the shutter protecting the substrate opened and deposition initiated.

∗For a pressure of 7.5 × 10−6 Torr, the mean free path of gas molecules is on the order of 6.6 m,
greatly exceeding typical source–substrate distances and causing most evaporated species to reach
the substrate via a straight-line, collision-free trajectory. 93
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x (O : Si ratio) excess Si (at.%) thickness (nm) Er3+

1 25.0 190 yes
1 25.0 185 no

1.2 18.2 205 yes
1.2 18.2 200 no
1.4 12.5 200 yes
1.4 12.5 210 no
1.6 7.7 220 yes
1.6 7.7 215 no
1.8 3.6 210 yes
1.8 3.6 210 no

Table 2.1: Composition list of
sample films on a SiO2 substrate.

2.2.1.3 Summary of fabricated sample films

For the photoluminescence measurements in this chapter, a series of SiOx:Er sam-
ples with a nominal layer thickness of 200 nm was deposited on silica (SiO2 ) sub-
strates as listed in table 2.1. Actual thickness values were determined by a stylus
instrument. SiOx compositions (i.e. the ratio of oxygen to silicon atoms) were cho-
sen to range from x = 1 to x = 1.8 (see table 2.1) by adjustment of the respective
evaporation rates of the SiO and SiO2 sources via independent crystal rate mon-
itors. Conversion between the compositional value x = [O]/[Si] and the atomic
fraction of excess silicon [Si]excess in a SiO2 host is readily obtained via the rela-
tion94

[Si]excess =
1− x/2
1 + x

, or inversely x =
1− [Si]excess

0.5 + [Si]excess
. (2.1)

Two specimens of each SiOx composition, one with erbium and one without,
were deposited at the same time by blocking the latter sample from the vapor flux
coming from the erbium metal source as described before. Except for the differ-
ence in erbium concentration, both samples possess nearly equal thickness and
stoichiometry, enabling comparison between Er-doped and undoped medium. The
Er concentration in the Er-doped set of samples was maintained at about 0.2 at.%,
or ∼ 1 × 1020 cm−3, since previous work in our group95 concerning Er-doping of
silicon-monoxide (SiO) has shown maximum Er3+ PL for this concentration, which
is also in good agreement with values obtained for erbium-doped SiO2 .96

Additional films with varying compositions and film thickness (listed in ta-
ble 2.2) were deposited on silicon and SiO2 (∼ 2 µm)-coated silicon substrates to
be used in the subsequent waveguide fabrication processes described later. These
specimens were used to measure the refractive indices of the different compositions
and to determine temperature-dependent change in the photoluminescence inten-
sity and dynamics. Since the placement of samples in the cryostat chamber makes
collection of PL more difficult, films of greater thickness were preferred as they
provide stronger emission. The silicon substrate also possesses excellent thermal
conductivity, improving the cooling and warming processes of the film samples
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within the cryostat.

x (O : Si ratio) excess Si (at.%) thickness (µm) Er3+ (at.%)

1 25.0 0.5 0
1 25.0 0.8 - 1.0 ∼ 0.2
1 25.0 1.0 ∼ 1

1.5 10.0 0.5 0
1.5 10.0 0.5 ∼ 1
1.5 10.0 1 ∼ 0.2
1.7∗ 5.56 1.65 0.12

Table 2.2: List of specimens on sili-
con substrate deposited to measure
refractive indices and as core mate-
rial for SiOx:Er waveguides.

2.2.2 Annealing and phase segregation

Following the deposition, all samples were annealed in a mixture of 95% N2 and
5% H2 - so-called forming gas† - to induce phase separation of Si and SiO2 , promote
nanocluster growth, and to cause the Er3+ ions to become optically active. Speci-
mens from table 2.1 were annealed at temperatures ranging from 400 to 1100◦C in
intervals of 100◦C for periods of 1 hour at each temperature. The structural evolu-
tion of SiOx upon annealing undergoes three basic stages19:

i) As-deposited SiOx films (i.e. after the deposition but before the first annealing
step) are completely amorphous and consist of a homogeneous glassy mixture of
Si and O containing a high number of defect centers.

ii) Annealing at a sufficiently high temperature (Tanneal > 400◦C ) induces a
phase separation process, separating the two energetically favorable phases of SiO2

and Si:
SiOx

anneal−→ 2− x
2

Si +
x

2
SiO2, 0 < x < 2 (2.2)

Silicon-rich clusters embedded in a SiO2 -rich matrix form and grow with increas-
ing Tanneal but remain amorphous up to an annealing temperature of about 800 −
900◦C .

iii) For annealing temperatures exceeding about 900◦C (in the case of SiO), the
silicon-rich clusters crystallize.19 Annealing at higher temperatures increases the
crystal size and decreases the excess Si content remaining in the SiO2 matrix.

∗Rutherford backscattering spectroscopy (RBS) has determined an oxygen-to-silicon ratio of x =
1.98 for this film.
†Most commonly, a N2 gas atmosphere is used for the annealing process, but improved PL char-

acteristics via annealing in a hydrogen enriched atmosphere have been evidenced 97,98, generally at-
tributed to passivation of dangling bonds at the Si/SiOx interface. Size and density of the formed
silicon nanoclusters depend on the initial film stoichiometry (i.e. excess Si concentration), the anneal-
ing temperature, and the annealing duration 99.
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2.3 Experimental: Photoluminescence measurements

This section overviews the experimental setups used to determine photolumines-
cence spectra and intensities, dynamics, and temperature dependent behavior. Dif-
ferent lasers were used for excitation of the Si-NCs in the material, depending on
desired pump power and wavelength. Also, a variety of detectors and optical spec-
trometers were utilized.

2.3.1 Measuring photoluminescence spectra

Photoluminescence (PL) spectra were recorded for each of the samples listed in
table 2.1, both in the as-deposited state and following every annealing step, using
the setup illustrated in Fig. 2.2. The samples were optically pumped (∼ 20 mW
continuous wave excitation power in a beam of ∼ 4 mm2) by the 325 nm line of a
helium cadmium (HeCd) laser, a wavelength not resonant with any excited state of
Er3+ , to excite the silicon nanoclusters in the material. Band-pass filters ensured
that all other emission lines (e.g. 442 nm) of the HeCd laser were filtered out and
would not contribute to either pump light or collected light. Emitted light from the
samples was collected via an optical fiber in alignment with the impinging pump
beam spot on the sample. An appropriate long-pass filter (cutoff wavelength ∼400
nm) was used to block residual laser light; wavelengths longer than the cutoff are
delivered to an optical spectrometer.

An Ocean Optics spectrometer with a fixed grating coupled to a silicon CCD
array was used to record spectra in the visible wavelength range. The spectral
response of the system was corrected by normalizing to a standard black-body
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radiator (3100 K).
In order to record the emission from Er3+ ions in the near-infrared (NIR), a

liquid nitrogen cooled indium gallium arsenide (InGaAs) CCD array was used.
Spectral resolution of the NIR light was achieved within a computer controlled
Acton Microspec 2500i spectrometer equipped with multiple gratings. A grating
with 300 lines/mm was used to cover the relatively broad emission range of the
samples with adequate resolution. Typical collection times were 1 second in the
visible and 30 seconds in the near-infrared, respectively, and were kept constant
for all measurements to enable comparison of results.

To determine photoluminescence saturation behavior at higher excitation pow-
ers, the HeCd laser was replaced by a more powerful argon ion laser emitting at
a wavelength of 476 nm. Also, a 550 nm long-pass filter was in this case used to
remove all light below this wavelength, especially the laser light reflected from the
sample. Photoluminescence was recorded as described above, and the resulting
intensities were normalized to an identical integration time.

2.3.2 Luminescence dynamics analysis

Measurement of rise and decay time for photoluminescence originating from both
the Si-NCs and the co-doped Er3+ ions were performed. A typical setup is shown
in Fig. 2.3. To measure the dynamics of light emission, one needs to modulate the
pump source (i.e. in this case the laser beam). Modulation was achieved using
an acousto-optic modulator (AOM) controlled by a function generator, chopping
the 476 nm pump beam from the argon ion laser into a square wave of desired
frequency, depending on the duration of the observed luminescence decay. Photo-
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Fig. 2.4: Experimental setup to measure photolu-
minescence temperature dependence. The sam-
ple is placed in a evacuated cryostat chamber
and cooled to a minimum of 77 K with liquid
nitrogen. An AOM modulates the pump laser
beam (476 nm) before it enters the cryostat via
a glass window and impinges on the sample in-
side. Photoluminescence is focused onto the end
of a collection fiber outside the cryostat by a
plano-convex lens replacing one window facet of
the cryostat. The collected emission is detected
and analyzed by spectrometers and photodetec-
tors as discussed previously.

luminescence was again collected via an optical fiber and delivered to the detector.
Undesired wavelengths (e.g. from the laser) were filtered out by a band-pass fil-
ter. Decay and rise times of emission from Si-NCs, either amorphous or crystalline,
were recorded by a photomultiplier tube (PMT) triggered by the function gener-
ator. No PMT for the near-infrared emission of erbium was available. Instead, a
thermoelectrically-cooled InGaAs photodiode was used and the amplified signal
was analyzed via a digital storage oscilloscope triggered by the function generator
as illustrated in Fig. 2.3. The system response time of this setup was limited by the
response time of the AOM and determined to be ∼ 20 µs.

2.3.3 Photoluminescence temperature dependence

Investigations of the photoluminescence behavior at different temperatures were
carried out by placing the samples on a liquid nitrogen cooled sample holder in-
side a cryostat chamber as shown in Fig. 2.4. Evacuation of the cryostat to a base
pressure of about 2 ×10−6 Torr prevents condensation of water vapor inside the
chamber, and minimizes heat transfer by convection. A disadvantage of position-
ing the specimens inside such a cryostat chamber is that it is no longer possible to
place the collection fiber in close proximity to the sample. Instead, one facet of the
cryostat chamber was replaced by a plano-convex lens, which focused the photo-
luminescence from the sample onto a point roughly 20 cm away, where the end of
the collection fiber was positioned. Compared to the previous setup with the col-
lection fiber close to the sample (∼ 3-5 mm) a significant fraction of photolumines-
cence intensity (∼ 75 %) was lost in this setup. Thicker film layers were deposited
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to compensate for these losses. Photoluminescence intensity and dynamics were
measured from temperatures of 77 K to 300 K.

2.4 Results & Discussion

2.4.1 Stoichiometry and microstructure

Rutherford backscattering spectroscopy (RBS) analysis was carried out for film
samples with stoichiometries (as determined by the crystal monitors during de-
position) of SiO1.4:Er and SiO1.7:Er. Results for the latter specimen revealed a sto-
ichiometry of SiO1.98:Er0.00353 and a film thickness of 1.65 µm . While the deter-
mined thickness and Er concentration (0.00353 erbium atoms per 2.98 atoms of
silicon and oxygen −→ 0.12 at.%‡) agree reasonably with the values derived from
deposition rates during evaporation, a substantial amount of excess oxygen, com-
pared to the estimate from the crystal monitors, is present in the sample according
to RBS. Analysis via RBS of the SiO1.4:Er sample on the other hand discovered a
stoichiometry of SiO1.4:Er0.0053 and a film thickness of 200 nm. These results match
the intended oxygen-to-silicon ratio, erbium concentration (0.0053 erbium atoms
per 2.4 atoms of silicon and oxygen −→ 0.22 at.%), and layer thickness, suggesting
that thin films (∼ 200 nm) of SiOx:Er can be deposited with high accuracy con-
cerning layer composition and thickness with this PVD technique. Considering
the costs per sample associated with RBS analysis, additional specimens were not
tested.

A lognormal distribution of Si-NC sizes is expected100,101 and has been ob-
served over a range of annealing temperatures from 400◦C to 1100◦C .9 High-
resolution transmission electron microscopy (HRTEM) analysis32 of SiO films (see
Fig. 1.3) shows growth of amorphous Si-NCs with a mean diameter of 2-3 nm after
annealing at temperatures below 900◦C . As the annealing temperature increases,
the Si-NC ripen until, after annealing at 1100◦C , the now crystallized nanoclusters
average ∼ 7 nm in diameter.

Transmission electron microscopy (TEM) analysis was also carried out on a
heavily Er-doped (> 2 at.%) SiO1.5 film annealed at 1100◦C in order to investigate
both the crystalline Si-NCs and Er-clusters, respectively. A TEM image showing a

‡It is often of interest to determine the concentration of Er in atoms/cm3. By assuming that the
presence of erbium does not change the atomic number density of the bulk material (valid for low Er
concentrations), the number of Er atoms/cm3 may be found as 9

NEr

cm3
=
NAρSiOx Eratomic

M̄SiOx

(2.3)

where NA is Avogadro’s number (6.02 × 1023 mol−1), ρSiOx represents the density of the SiOx film,
and M̄SiOx is the average molar mass of the atoms in the SiOx . For example, in case of a silicon-
monoxide film (ρSiO = 2.13 g/cm3 and M̄SiO = 22.04 g/mol) with an erbium doping concentration of
0.22 at.%, one can calculate the number of Er atoms per cubic centimeter as 1.3 × 1020 atoms/cm3.
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Fig. 2.5: TEM images of SiO1.5:Er films. (a) 2D STEM color mixed image showing sizes and locations of
Er-clusters (red) and Si-NCs. (green) in a SiO1.5:Er (1 at.%) film after annealing at 1000◦C . (b) TEM bright
field cross-sectional image of a SiO1.5:Er (> 2 at.%) film after annealing at 1100◦C .

cross-sectional view of the film is shown in Fig. 2.5(b). Dark spheres with diame-
ters ranging between 20 to 30 nm were readily observed. These spheres represent
erbium rich regions according to qualitative energy-dispersive X-ray (EDX) spec-
troscopy. Clusters of even larger dimensions seem to grow inward from the surface
of the silicon wafer. Polman et al.96 have observed similar erbium clustering in Er-
doped SiO2 annealed above a temperature of 1000◦C , accompanied by sudden
quenching of Er3+ photoluminescence intensity to nearly zero.

Further investigations of the microstructural properties of an Er-doped (∼ 1
at.%) SiO1.5 film annealing at a temperature of 1000◦C have been carried out in
cooperation with Li et al.102. In this work, TEM was used to image Si-NCs and
Er3+ nanoclusters and their respective sizes and locations in 2D and 3D. Briefly,
two atomic number contrast images can be obtained by using two detectors in
the scanning transmission electron microscopy (STEM) mode. High angle annu-
lar dark field (HAADF) STEM images provide atomic number contrast (Z-contrast)
and were used to image erbium rich regions; whereas, energy-filtered (EF) imaging
centered on the 17 eV plasmon energy loss line of silicon shows the Si-NCs in the
SiOx matrix. Figure 2.5(a) shows a superimposed image combining both imaging
modes. Although the sizes and relative positioning in this 2D projection can be
easily misinterpreted due to overlap effects, it is apparent that Er3+ ions exhibit
a tendency to preferentially locate within the SiO2 matrix rather than inside the
Si-NCs.
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2.4.2 SiOx:Er refractive index

Refractive indices for a variety of SiOx:Er compositions investigated in this work
were determined by means of ellipsometry as described in appendix A. Addition-
ally, the effect of increasing annealing temperature was estimated by measurements
of the optical constants before and after annealing the specimens at 500◦C and
1000◦C . Figs. 2.6 (a) and (b) present a summary of the results.
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Fig. 2.6: Ellipsometry results for film thickness and refractive indices obtained for various SiOx:Er com-
positions and annealing temperatures. (a) illustrates the measured refractive indices for various SiOx:Er
compositions before (©) and after annealing at 500◦C (�) and 1000◦C (4). (b) compares the refractive
indices obtained for SiO2 films formed by thermal oxidation and electron-beam deposition for the same
annealing conditions.

As shown in Fig. 2.6 (a), the refractive index of SiOx and SiOx:Er materials
drops with increasing oxygen concentration and for λ = 1.54 µm approaches re-
fractive index values around 1.45 (comparable to fused silica) as x (i.e. the oxygen-
to-silicon ratio) goes towards 2. Upon annealing the investigated film specimens at
500◦C and 1000◦C , respectively, a slight change in refractive index can be observed
compared to the ’as deposited’ samples.
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Figure 2.6 (b) compares the refractive indices obtained from a SiO2 film sample
deposited by e-beam evaporation - a potential material for the waveguide upper
cladding - with values measured for a SiO2 film formed via thermal steam oxida-
tion - the undercladding material used in this work - before and after annealing at
500◦C and 1000◦C . No change in the refractive index due to annealing is observed
for the oxidation sample (n = 1.448 at 1550 nm). This might be expected since the
film is already exposed to a temperature of 1000◦C for 16 hours during oxidation.

In contrast, the refractive index of SiO2 deposited by electron-beam is slightly
decreased from n = 1.454 at λ = 1550 nm for the unannealed case to n = 1.428
after annealing at 500◦C . It then recovers to n = 1.443 for Tanneal = 1000◦C , close
to the value obtained for the oxidation specimens.

Further ellipsometry measurements were conducted on SiO2 films deposited
via plasma-enhanced chemical vapor deposition (PECVD), since these material can
be readily etched into rib structures. In this case the obtained refractive index of
n = 1.465 was relatively high compared to samples made by e-beam deposition
and thermal oxidation.

2.4.3 Photoluminescence

All films deposited and tested in the frame of this work showed excellent long-term
optical stability. Photoluminescence measurements were repeatable after extended
periods of time (several days). Collection of emission from different spots of the
same sample resulted in nearly identical results in the vast majority of cases. The
results were also highly repeatable. Annealing films with equal compositions cre-
ated overlapping photoluminescence spectra and intensities (e.g. from a SiO:Er
sample annealed a total of eight times in steps of 100◦C from 400◦C to 1100◦C ,
and a second piece of the same sample only annealed once at 1100◦C ). Therefore,
repeated testing found that the samples were stable and reproducible.

2.4.3.1 Si-NC photoluminescence spectra, peak wavelength, and intensity

Silicon nanocluster (Si-NC) photoluminescence spectra were obtained for all sam-
ples from table 2.1 after each annealing step as described previously and displayed
in Fig. 2.7 (for the series not including erbium) and in Fig. 2.8 (for the series de-
posited with erbium). Both amorphous and crystalline silicon nanocluster emis-
sion feature wide inhomogeneously broadened photoluminescence bands. With
increasing oxygen-to-silicon ratio, the emission bands peak at shorter wavelengths
although all samples were annealed at the same temperatures. This fact is read-
ily understood considering the smaller number of silicon atoms available within a
characteristic diffusion volume to form the Si-NCs, resulting in smaller cluster sizes
for lower Si concentrations. The peak wavelengths of the nanocluster emission
show good agreement with previous results.32 The peak wavelengths are shown
in Fig. 2.9 as a function of oxygen-to-silicon ratio (x) and annealing temperature
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Fig. 2.7: Photoluminescence spectra for all investigated SiOx materials (without Er) after annealing at
temperatures from 400◦C to 1100◦C .
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Fig. 2.8: Photoluminescence spectra for all investigated SiOx:Er materials after annealing at temperatures
from 400◦C to 1100◦C .
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Fig. 2.9: PL peak wave-
lengths for all SiOx compo-
sitions and annealing tem-
peratures Tanneal . The
dashed line serves as a
guide to the eye approxi-
mating the conditions for a
peak PL wavelength of 660
nm. The significance of this
will be discussed later.

(Tanneal ). It has been established previously that the PL from amorphous Si-NCs is
characteristic of band-tail emission in amorphous Si.32 Here, we see that the peak
of the Si-NC emission is shifted to longer wavelength with increasing annealing
temperatures. Since the Si-NCs grow larger with increasing temperature103,104, the
red-shifting of the peak wavelength can be attributed to emission from larger amor-
phous Si-NCs. This size-dependence of amorphous Si-NC photoluminescence is
consistent with the spatial confinement model as introduced previously.34,49

At the same time, the integrated PL intensity decreases with increasing anneal-
ing temperatures up to the onset of crystallization. At temperatures above about
800−900◦C the Si-NCs begin to crystallize32; PL in this stage is generally attributed
to quantum confinement effects34. The photoluminescence band of crystalline Si-
NCs peaks in the wavelength range 750 - 950 nm depending on nanocrystal size,
while the intensity recovers due to the removal of non-radiative centers present in
amorphous Si.32 Strongest Si-NC emission is observed after annealing at 1100◦C
for all samples (see Fig. 2.7 and Fig. 2.8).

A summary of the observed peak wavelengths in the PL spectra is given in Fig.
2.9 as a function of annealing temperature and the oxygen-to-silicon ratio of each
sample. The emission peak “red-shifts” to longer wavelength with increasing an-
nealing temperature and with increasing concentration of excess Si (i.e. decreasing
oxygen-to-silicon ratio), as the NCs grow larger under these conditions.

2.4.3.2 Si-NC photoluminescence dynamics

Figure 2.10 shows the photoluminescence decay (a) and rise (b) traces obtained
via time-resolved measurements at room temperature for a SiO1.5 film annealed at



37

0

0 .1

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8

0 .9

1

1 .1

-2 5 0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 0 1 7 5 2 0 0 2 2 5 2 5 0

no
rm

al
iz

ed
in

te
ns

ity
t im e [µs ]

1 0 0 0 C

6 0 0 C

8 0 0 C

1 0 0 0 C

6 0 0 C

8 0 0 C

0

0 .1

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8

0 .9

1

1 .1

-2 5 0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 0 1 7 5 2 0 0 2 2 5 2 5 0

no
rm

al
iz

ed
in

te
ns

ity

t im e [µs ]

1 0 0 0 C
6 0 0 C 8 0 0 C

s in g le
e xp o n e n tia l

fa
st

 c
om

po
ne

nt

slow component

fa
st

 c
om

po
ne

nt
 (d

ro
p)

slow component (tail)

a b

Fig. 2.10: Photoluminescence decay (a) and rise (b) curves for a SiO1.5 film annealed at 600◦C , 800◦C ,
and 1000◦C collected at room-temperature. A single-exponential with the same decay rate as the c−Si-NCs
PL (1000◦C ) was added as a dashed line to illustrate the stretched character of the decay trace. Time zero
corresponds to either the end (a) or the onset (b) of the pulsed excitation beam.

temperatures of Tanneal = 600◦C , 800◦C , and 1000◦C in forming gas. For an an-
nealing temperature of 600◦C , the Si-NCs are amorphous (a-Si-NCs), whereas for
Tanneal = 1000◦C , the photoluminescence originates from crystalline nanoclusters
(c-Si-NCs). Annealing at Tanneal = 800◦C covered the intermediate region in an
attempt to investigate the change in the PL dynamics close to the amorphous-to-
crystalline transition.

The time-resolved data in Fig. 2.10 (a), collected upon termination of the pump
light, shows that the photoluminescence dynamics of a-Si-NCs are strongly non-
exponential. Although less obvious to the eye, decay curves of c-Si-NCs are also
not well-described by a single exponential, which is illustrated by adding a single
exponential with the same 1/e photoluminescence decay time to Fig. 2.10 (a). De-
cay traces from a-Si-NCs are generally characterized by a dominant fast component
(< 0.1 µs) and a slow component or “tail” as shown in Fig. 2.10. These ’fast’ and
’slow’ components of the photoluminescence decay have been observed for porous
silicon105, crystalline Si-NCs106,107, and amorphous silicon nanoparticles108, indi-
cating that multiple recombination mechanisms are possible in these materials. No
fast-decay component (< 0.1 µs) was evidenced in the present work for annealing
temperatures of 800◦C and 1000◦C .

The PL dynamics collected upon turning the pump light on – i.e. the PL in-
tensity ’rise’ – show the same characteristics (see Fig. 2.10 b) that where observed
for the PL decay. At Tanneal = 600◦C the rise trace clearly shows a fast and a slow
component, whereas for annealing temperatures of 800◦C and 1000◦C the 1/e rise
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time was longer and no clear distinction between a fast and a slow component is
possible.

The slow decay and rise component in the micro-second time regime is de-
scribed well by a stretched exponential function given by105,108

Idecay (t) = I0 × exp−(t/τdecay)β , and (2.4)

Irise (t) = I0 ×
[
1 - exp−(t/τrise)β

]
, (2.5)

where 0 < β < 1 is a parameter determining the “degree of stretching” and τdecay
and τrise are the characteristic “effective” lifetimes of the decay and rise processes.
This ’stretching’ of the PL decay and rise is caused by a wide distribution of exci-
tation and recombination rates, which may originate from different forms of disor-
der105, such as a wide distribution of Si-NC sizes, a random spatial arrangement of
the Si-NCs, and localized states at the Si-NC surfaces.106,107

The curve fitting toolbox in MATLAB was used to fit the experimentally mea-
sured decay and rise data from Fig. 2.10 for a SiO1.5 film annealed at 600◦C , 800◦C,
and 1000◦C to stretched exponential functions and thus to determine β and τ val-
ues. The resulting fitting parameters are presented in table 2.3. The lifetimes and

Annealing temperature Decay time Rise time Stretching factor
Tanneal (◦C ) τdecay (µs) τrise (µs) β

600 (tail) 85.0 77.6 0.71
800 7.2 6.7 0.37

1000 51.2 49.7 0.70

Table 2.3: Room-temperature Si-NC PL decay and rise times for a SiO1.5 film annealed at 600◦C , 800◦C ,
and 1000◦C .

stretching factors obtained for annealing temperatures of 600◦C and 1000◦C are in
good agreement with values reported elsewhere (β ≈ 0.76109 and τ ≈ 50 µs106).
However, for Tanneal = 800◦C the values of β = 0.37 and τ ≈ 7 µs resulting from a
fit with one stretched-exponential function were quite different from the expected
parameters, despite small residual values (R2 > 0.99). Based on the observation
of different recombination mechanisms and fast and slow decay components as
mentioned previously, the decay at Tanneal = 800◦C was also fit with two different
decay components (i.e. stretched-exponential functions). To limit the range of free
parameters, τ and β of one (slow) component were matched with the values ob-
tained for the other annealing temperatures. Table 2.4 presents the results obtained
from this ’alternative’ fit including the determined ratio between the intensities (at
time zero) of both components.

The decay lifetime determined for the second component in this fit was τdecay =
4.1 µs (see table 2.4). Interestingly, the steady-state intensity ratio (t = 0) between
’fast’ and ’slow’ component (9:1) was very similar to the ratio observed for Tanneal
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Annealing temperature Component Intensity Decay time Stretching factor
Tanneal (◦C ) (normalized) τdecay (µs) β

800 slow ∼0.1 50 (fixed) 0.71 (fixed)
fast ∼0.9 4.1 0.34

Table 2.4: τ and β values for fitting SiO1.5 (Tanneal = 800◦C ) with two stretched-exponential functions.

= 600◦C (see Fig. 2.10). Time-resolved spectroscopy might enable the identification
of two or more distinct (in life time and energy/wavelength) decay processes and
further explain the PL dynamics observed in this work.

From the photoluminescence analysis provided in this section one can conclude
that different recombination and excitation mechanisms exist within the Si-NC ma-
terial system. A fast and a slow component of the PL dynamics can be evidenced
in a-Si-NCs, whereas a single (slow) process is dominant in the crystalline case.

2.4.3.3 Si-NC absorption cross section

By approximating silicon nanoclusters as two level systems (which is approxi-
mately true if Si-NCs excited to a higher level quickly decay non-radiatively to the
lowest energy state in the ’band-tail’ or sub-gap state of the conduction band)22,35,59,
it is possible to estimate an absorption cross-section for the Si-NCs via the rela-
tion110 1/τrise = Rabs + 1/τdecay. Here, Rabs represents the absorption rate given by
σabs × φpump, where σabs is the absorption cross-section, and φpump is the incident
photon flux. Therefore,

σabs =
(

1
τrise
− 1
τdecay

)
/φpump (2.6)

Table 2.5 shows the calculated absorption rates and cross-section for the SiO1.5 films
investigated above (Tanneal = 600◦C , 800◦C , and 1000◦C ) at a photon flux of 1.2×
1017 cm−2s−1. The obtained values range from about 10−15 to about 10−14.

Annealing temperature Decay time Rise time Absorption rate Absorption cross-section
Tanneal (◦C ) τdecay (µs) τrise (µs) Rabs (1/s) σabs (×10−14 cm2)

600 (tail) 85.0 77.6 1122 0.93
800 7.5 6.8 13725 11.44

1000 56.1 49.8 2255 1.88

Table 2.5: Si-NC absorption rate and cross sections calculated for a SiO1.5 film annealed at 600◦C , 800◦C ,
and 1000◦C .
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2.4.3.4 Effect of Er-doping on Si-NC photoluminescence

Considering both Er-doped and undoped specimens were deposited in the same
evaporation process and annealed together at the same temperature, it should be
intuitive films of equal composition are essentially the same in terms of Si-NC size
distribution, density, and microstructure, the only difference being of course the
presence of Er dopants in one sample. In the Er-doped samples an alternative de-
excitation pathway besides radiative recombination is now available for excited
Si-NCs, the transfer of energy to Er3+ ions. This sensitization action is extremely
well known and has been widely investigated, although its exact nature is still
under debate. A comparison between photoluminescence spectra of both species
can therefore be an important tool to investigate the nature of the energy trans-
fer mechanism. Reduction of a Si-NC emission band, so-called “quenching”, was
readily observed for all sample compositions and for all annealing temperatures.
Photoluminescence from crystalline Si-NC was strongly quenched (for example by
a factor of about 10 in SiO1.6:Er annealed at 1100◦C ), whereas quenching in the
amorphous nanocluster case was relatively small (compare for example SiO1.2:Er
was quenched by only a factor of about 2 after annealing at 400◦C ). In some cases
the peak emission wavelength of the SiOx:Er spectra seemed to be shifted with
respect to the SiOx spectra, which will be explained further below.
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Fig. 2.11: Partially selective quenching of Si-NC
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Here, the photoluminescence was not quenched equally over the entire width
of the PL band, but rather more selectively, favoring distinct wavelengths. One ex-
ample for such a inhomogeneous quenching effect is shown in Fig. 2.11, presenting
photoluminescence spectra of both Er-doped and undoped films with x = 1.2 af-
ter annealing at Tanneal = 500◦C . The emission band of the SiO1.2 film sample was
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doping on the Si-NC PL in-
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cay curves for Er-doped and
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slightly more intense and peaked at a wavelength of 635 nm, whereas the photo-
luminescence of the SiO1.2:Er film sample was weaker and centered at around 615
nm. Also depicted in Fig. 2.11 is the difference in intensity (Iundoped minus IEr-doped)
between both spectra, showing selective quenching of the PL for a wavelength of
about 660 nm. Comparison of the doped and undoped samples for all composi-
tions and annealing temperatures yielded a trend towards a number of quenching
“hotspots” for many specimens. These wavelengths for preferred intensity quench-
ing were located near 540 nm, 660 nm, and 800 nm. These wavelengths are in close
correspondence with the energies of the 4S3/2, 4F9/2, and 4I9/2 excited states of Er3+

ions.
A comparison of the Si-NC decay times of both Er-doped (red) and undoped

(black) SiO samples recorded at 77 K is shown in Fig. 2.12 (a) and (b) for amorphous
(Tanneal = 500◦C ) and crystalline (Tanneal = 1000◦C ) nanoclusters, respectively. The
Er-doped samples showed a faster decay for the Si-NC photoluminescence com-
pared to the undoped specimens for both annealing temperatures. In case of the
crystalline Si-NCs, the 1/e decay time of 52.3 µs shortened to 35.9 µs when Er3+

ions were present. Contrary to this finding, Kik et al.59 have reported no change
in the photoluminescence decay of c-Si-NC for increasing doping concentrations of
erbium. The authors therefore proposed a “strong coupling model”, where only
the nanocrystals isolated from any Er3+ ion contribute to the photoluminescence
at all. The shortening in Si-NC decay times with Er-doping observed in this work
rather suggest a different model, where Si-NCs ’coupled’ to Er3+ ions can either re-
combine by emitting a photon or by transferring energy to an Er3+ ion. In this case,
the decay time of Si-NC photoluminescence depends on the Er3+ concentration.
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Fig. 2.13: Er3+ spectra for various compositions and annealing temperatures.
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2.4.3.5 Er3+ photoluminescence spectra and intensity

The Er-doped films listed in table 2.1 exhibit two additional photoluminescence
bands at wavelengths of 0.98 µm and 1.54 µm due to the Er3+ ions embedded in the
material and the corresponding radiative transitions from the second excited state
4I11/2 and the first excited state 4I13/2 to the ground state 4I15/2. The 4I11/2 →4I15/2

transition is rather weak, indicating that non-radiative relaxation to the first excited
level dominates over the radiative process to the ground state. Photoluminescence
spectra of the 4I13/2 →4I15/2 transition (1.54 µm ) obtained from the Er-doped sam-
ples for annealing temperatures of 400◦C to 1100◦C were recorded using a excita-
tion wavelength of 325 nm (i.e. does not coincide with any of the optical absorption
bands of Er3+ ) and a pump photon flux of about 1× 1018 cm−2s−1 and are shown
in Fig. 2.13 (a)-(e). The spectra consist of two distinct peaks at around 1535 nm and
around 1550 nm typical for Er3+ ions embedded in a silica fiber, suggesting that
the optically active and emitting Er3+ ions are embedded in the SiO2 host matrix
surrounding the Si-NC and not within the clusters themselves.68 This is in agree-
ment with the STEM results presented earlier. The position of this emission peak
does not change for different excess silicon concentrations or annealing tempera-
tures. Erbium photoluminescence intensities on the other hand strongly depend
on annealing temperature and oxygen-to-silicon ratio. The highest intensity was
obtained for the SiO1.4:Er film annealed at 700◦C as shown in Fig. 2.13 (c). It is
interesting to note that strongest emission intensities were obtained for different
annealing temperatures depending on SiOx compositions. In particular, PL inten-
sity at 1.54 µm peaked for SiO:Er at Tanneal = 500◦C , for SiO1.2:Er at Tanneal = 600◦C,
for SiO1.4:Er at Tanneal = 700◦C , for SiO1.6:Er at Tanneal = 900◦C , and for SiO1.8:Er
at Tanneal = 1000◦C . Figure 2.14 maps the integrated photoluminescence intensities
of the measured spectra in terms of the investigated SiOx:Er compositions (x = 1
to x = 1.8) and annealing temperatures (Tanneal = 400◦C to 1100◦C ). Five different
zones or regimes may be distinguished in Fig. 2.14:

Zone ¬ indicates a regime of intense Er3+ photoluminescence. The integrated in-
tensity at 1.54 µm peaks for annealing temperatures between about 450◦C
and 1000◦C and stoichiometries in the range of SiO1.2 to SiO1.5, as indicated
by the dashed lines enclosing this regime. Strongest emission is achieved
for the SiO1.4 film sample annealed between 600◦C and 800◦C , implying that
these values provide optimum conditions for energy transfer from the Si-NCs
to the Er3+ ions.

Zone  shows only weak Er3+ photoluminescence. There are two possible fac-
tors contributing to low 1.54 µm emission at annealing temperatures below
∼450◦C . The annealing temperature was insufficient to (a) promote growth
of sufficiently large Si-NCs, and (b), to encourage optical activation of the
Er3+ ions, thereby suppressing an efficient sensitization process.
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Fig. 2.14: 3D map of
Er3+ photoluminescence
intensity at 1.54 µm .

Zone ® is also characterized by weak Er3+ photoluminescence. As indicated by
the results from zone ¬ and reported in work by Bian et al.90, Er3+ ions will be
optically active and most efficient in this temperature range. One can there-
fore conclude that the weak Er3+ PL intensity is due to inefficient sensiti-
zation from the Si-NCs, resulting from the fact that the reduced amount of
excess silicon in this region results in the creation of fewer and wider spread
Si-NCs.

Zone ¯ shows weak Er3+ photoluminescence as well. For high concentrations of
excess Si the erbium PL intensity starts to drop rapidly for annealing tem-
peratures above 650◦C -700◦C . As in zone ® this seems to be caused by the
increasing size of the Si-NCs, as they grow larger with increasing tempera-
ture.

Zone ° weak Er3+ photoluminescence: Tanneal in excess of 1000◦C on the other
hand have been shown96 to induce clustering of Er3+ , thereby reducing
the number of optically active ions and quenching photoluminescence, even
though energy transfer from the Si-NCs may still be effective.

Several different material characteristics (e.g. Si-NC size and concentration of
optically active erbium ions) determine the efficiency of sensitization and 1.54 µm
photoluminescence in the Si-NC-coupled Er3+ system. Controlling film composi-
tion and annealing temperature offers the possibility to influence a variety of ma-
terial properties in order to optimize Er3+ photoluminescence.
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Fig. 2.15: Saturation behavior of Si-NC and Er3+ photoluminescence for a SiO1.6:Er film excited at 476 nm,
488 nm, and 532 nm. (a) shows integrated intensities for Si-NCs and Er3+ ions for increasing pump flux.
(b) illustrates integrated Er3+ PL intensities for resonant (λ = 488 nm) and non-resonant (λ = 532 nm)
pumping for low photon flux. Dashed lines are a guide to the eye and present nearly linear behavior at
these low pump powers.

The saturation behavior of the integrated photoluminescence intensity was in-
vestigated for the SiO1.6:Er film sample annealed at Tanneal = 900◦C in order to
determine whether all optically active Er3+ ions excitable by resonant pumping
(λ = 488 nm can also be excited non-resonantly (λ = 476 or 532 nm) via energy
transfer from the Si-NCs. The results may also indicate whether the energy trans-
fer is limited by the number of excited Si-NCs or the amount of optically active
Er3+ ions.

PL spectra were recorded and integrated over for both the Si-NC PL in the vis-
ible range (∼650 nm) and Er3+ emission at 1.54 µm for increasing pump photon
flux as shown in Figs. 2.15 (a) and (b). Excitation photon flux was calculated from
pump power and laser beam spot area as described in detail in appendix B. The
pump wavelength of 488 nm is resonant with the 4F7/2 erbium level. Er3+ ions
may therefore be excited by direct absorption of a photon in addition to excitation
through energy transfer from Si-NCs. For pump wavelengths of 476 nm and 532
nm on the other hand (non-resonant with any Er3+ level), the Er3+ ions can be
excited by sensitization from the Si-NCs alone.

It can be seen in Fig.2.15(a) that the integrated Er3+ PL intensity clearly flattened
towards a saturation level at a pump photon flux of 2 × 1021 cm−2s−1 (or ∼ 800
Wcm−2). Both, resonant and non-resonant pumping (476 nm and 488 nm) resulted
in identical 1.54 µm PL intensities, suggesting that all optically active Er3+ ions in
the excitation volume can be pumped by sensitization through silicon nanoclusters.
These results are in good agreement with those reported by Kenyon et al.29 for
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Fig. 2.16: Maps of the radiative decay (a) and rise (b) lifetimes for the 4I13/2 →4I15/2 transition of Er3+

ions in SiOx:Er films (x = 1− 1.6) annealed from 400− 1100◦C .

similar SiOx:Er samples.
Fig. 2.15(b) shows the integrated PL intensity at 1.54 µm for a non-resonant

pump wavelength of 532 nm, in comparison to the partially direct excitation with
488 nm pump light. Here, the integrated Er3+ intensity decreased to about 80% of
its value at low pump intensities, as compared to the resonant case. This might be
due to the reduced number of excited Si-NC sensitizers at this wavelength. Satura-
tion behavior could not be observed for pumping with 532 nm light due to the low
pump photon flux available.

Contrary to the Er3+ PL intensity, the integrated Si-NC PL intensity increased
nearly linearly up to the highest pump intensities investigated, the increase being
slightly steeper for a pump wavelength of 476 nm than for 488 nm, possibly due to
the higher photon energy. One can therefore conclude that the photoluminescence
intensity is predominantly limited by the number of optically active Er3+ ions in
the sample.

2.4.3.6 Er3+ photoluminescence dynamics

Er3+ photoluminescence decay and rise times of the optical transition from the
4I13/2 level to the 4I15/2 level under non-resonant excitation (λ = 476 nm) were
determined for all Er-doped samples listed in table 2.1 after annealing at tempera-
tures ranging from 400◦C to 1100◦C . The decay and rise traces of the Er3+ PL can
be best fit (i.e. with minimum derivation – R2 ∼ 1)to stretched-exponential func-
tions as shown in equations 3.2 and 3.3, as is the case for Si-NCs. The obtained PL
decay times ranged from 0.5 to 6.6 ms as presented in Fig. 2.16(a), whereas PL rise
times ranged from 0.1 to 5.4 ms as shown in Fig. 2.16(b).

The longest lifetimes were observed for samples rich in oxygen and annealed at
temperatures between 700◦C and 900◦C . Under these conditions a larger number
of oxygen atoms is available, enabling the rearrangement of the local environment
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to form Er3+ sites in a sixfold O coordinated cage, providing a non-centrosymmetric
environment that allows strong Er3+ photoluminescence.90 A photoluminescence
decay time of τdecay=8.8 ms was determined for the SiO1.7:Er film deposited in this
work, approaching the lifetimes of 11 - 14 ms typically observed in Er-doped sil-
ica fibers.96,111 Values for Si-NC sensitized Er3+ decay times reported previously in
the literature range from 1 ms to about 8 ms28,62,85, but contrary to this work, the
Si-NCs were always crystalline (Tanneal > 1000◦C ). The corresponding stretching
factor was β = 0.92, close to the “unstretched” single exponential case (β = 1),
indicating a narrow distribution of lifetimes, corresponding to a similar local envi-
ronment for all Er3+ ions. The rise time obtained for the same sample was τrise=5.9
ms (β = 0.8).

Values for an effective excitation cross-section for Er3+ ions may be obtained
by considering the extracted photoluminescence decay and rise times at 1.54 µm.
By assuming that an Er3+ ion excited to any of the higher energy levels will non-
radiatively decay to the 4I13/2 excited state much faster than recombining radia-
tively to the ground state, one can approximate the Er3+ as a simple two-level
system. In this case, as for the Si-NC lifetimes, the 1/e decay time (τdecay) and rise
times (τrise) are related to the excitation rate by the expression110

Rexc =
1
τrise
− 1
τdecay

. (2.7)

From the obtained excitation rate, one can determine an effective Er3+ excita-
tion cross-section (incorporating absorption of photons by the Si-NCs and energy
transfer from the nanoclusters to the Er3+ ions) via R = σeff × φ. Excitation rates
and effective excitation cross-sections were determined for a excitation photon flux
of about 2 × 1018 cm−2s−1 and listed in table 2.6 for various SiOx:Er compositions
after annealing at a temperature that results in the most intense emission at 1.54
µm for each stoichiometry.

Stoichiometry-Tanneal Decay time Rise time Excitation rate Effective exc. cross-section
τdecay (ms) τrise (ms) Rexc (1/s) σeff (×10−16cm2)

SiO-500◦C 1.46 0.8 565 2.8
SiO1.2 − 600◦C 1.36 0.3 2598 13.0
SiO1.4 − 700◦C 1.85 0.8 709 3.5
SiO1.6 − 900◦C 6.62 2.25 293 1.5
SiO1.7 − 900◦C 8.8 5.9 56 0.3

Table 2.6: Er3+ photoluminescence decay and rise times, excitation rates, and excitation cross sections for
various SiOx:Er films.

Kenyon et al.29 reported the cross sections for direct optical absorption by Er3+

ions in SiO2 as 1×10−21 cm2 and 8×10−21 cm2 at 476 nm and 488 nm, respectively.
The effective cross-sections obtained above therefore constitute an increase of 4-5
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Fig. 2.17: Er3+ PL inten-
sity map for all investigated
SiOx:Er compositions and
Tanneal values (color con-
tour). The superimposed
black contour lines repre-
sent the Si-NC PL peak
wavelengths for all speci-
mens as a function of Tanneal
and the O:Si ratio. The
numbers beside the black
dots represent the PL peak
wavelength, in nm, for the
corresponding contour line.

orders of magnitude compared to direct excitation of Er3+ ions, and are in good
agreement with values reported for c-Si-NC sensitized Er3+ by Franzo et al.55, Han
et al.85, and Kenyon et al.29 (2− 7× 10−17 cm2).

Faster decay and rise times (τrise) were obtained for films annealed above 1000◦C
(i.e. containing crystalline Si-NCs), in turn resulting in much higher estimated ef-
fective excitation cross sections. However, Er3+ photoluminescence intensities are
much lower in this case than for film samples annealed at lower temperatures,
likely due to erbium clustering and associated reduced number of optically active
ions, as well as ion-ion interactions.

2.4.3.7 Si-NC to Er3+ sensitization efficiency

Er3+ photoluminescence spectra were recorded for all SiOx:Er specimens after an-
nealing at temperatures ranging from 400◦C to 1100◦C , and the integrated PL in-
tensities were mapped as a function of x and Tanneal in Fig. 2.14. These results
show, that the Er3+ emission intensity depends strongly on the composition (O:Si
ratio) of the film and the annealing temperature.

As discussed in section 1.2, the bandgap energy and photoluminescence wave-
length of silicon nanoclusters is - due to spatial confinement effects - size-dependent
and therefore also depends on the stoichiometry of the film and the applied anneal-
ing temperature (see Fig. 2.9). A comparison of the Si-NC emission wavelength
with the integrated Er3+ PL intensity obtained for the same film x and Tanneal can
be used in order to identify conditions for efficient sensitization and serves as a
qualitative indicator for the efficiency of the energy transfer from Si-NCs to Er3+
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Fig. 2.18: Schematic representation of excitation,
energy transfer, and recombination processes
within the Si-NC and Er3+ system. Arrow (a)
indicates a resonant energy transfer, whereas ar-
row (b) presents the possibility for a phonon-
assisted process.

ions. This is because excitation of the luminescent Er3+ ions occurs indirect through
the energy transfer from excited Si-NCs only. For this purpose, Fig. 2.14 was super-
imposed with Fig.2.9 (solid lines - points along any solid line correspond to equal
photoluminescence wavelengths; adjacent lines differ in wavelength by about 7.5
nm) as presented in Fig. 2.17.

Note that Er3+ PL intensity and Si-NC PL wavelength follow the same general
trend (bottom left to top right), emphasizing the importance of the Si-NC size to-
wards the efficiency of the energy transfer. Numbered dots in Fig. 2.17 mark the
conditions (x and Tanneal ) for which maximum Er3+ emission was measured for
each respective film (i.e. the maximum value on the color bar). The Si-NC emission
wavelengths indicated are without exception close to λ = 660 nm, corresponding
to a bandgap energy of E = 1.88 eV and a mean Si-NC diameter of about 2.8 nm, as
determined by high-resolution electron microscopy (HREM) by Wang et al.19. This
is the same wavelength for which selective quenching was observed, when com-
paring photoluminescence spectra of undoped and Er-doped SiOx films as shown
in Fig. 2.11. Other experiments82,83 report on resonant energy transfer between
Si-NCs and the 4I11/2 state and the 4I9/2 state of Er3+ ions in the SiOx:Er material
system. The observations made in this work indicate that the energy transfer be-
tween Si-NCs and Er3+ ions is most efficient when the excited states overlap with
the 4F9/2 energy level of Er3+ .

A simplified schematic of the excitation, energy transfer, and relaxation (ne-
glecting back-transfer, upconversion, etc.) is shown in Fig. 2.18. The Si-NCs are
represented by a three-level system, where a carrier is excited from the ground state
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to an excited state by the pump light (upward arrow) and subsequently relaxes to a
given sub-gap state (shaded region). If an optically active Er3+ ion is close enough
to the nanocluster, energy can be transferred from the excited levels of the Si-NC
to the erbium. The arrow labeled (a) represents a quasi-resonant transfer to one of
the erbium levels; arrow (b) indicates possible phonon-assisted transfers to lower
energy levels. The erbium levels populated by the energy transfer rapidly decay
non-radiatively to the 4I13/2 energy level. A photon with wavelength 1.54 µm can
then be emitted upon recombination with the 4I15/2 ground state.

Although the PL spectrum of the Si-NCs overlaps with other Er3+ levels for
various compositions and annealing temperatures, the energy transfer seems most
effective to the 4F9/2 level. The weak 1.54 µm luminescence for the SiO1.8:Er film
could therefore be due to the fact that the amorphous clusters never reach the fa-
vorable size to support efficient energy transfer to this level.

It is noteworthy that the Er3+ photoluminescence intensity seems to depend
predominantly on the Si-NCs size, rather than on the nanocluster PL intensity. For
example, Si-NC PL intensity decreases for annealing temperatures between 700◦C
and 900◦C , and is strongest for Tanneal > 1000◦C . Er3+ emission at 1.54 µm on
the other hand is more intense for annealing temperatures below 1000◦C . In other
words, it seems unnecessary for the Si-NCs to be good light emitters themselves in
order to be good erbium sensitizers.

2.4.3.8 Temperature effects on SiOx:Er photoluminescence

By placing SiOx:Er samples in a liquid nitrogen cooled cryostat, the effect of tem-
perature on Si-NC and Er3+ photoluminescence was investigated. Upon cooling to
a minimum of T = 77 Kelvin and reheating to room-temperature (∼295 Kelvin),
PL spectra and dynamics were recorded and analyzed as a function of temperature
for both visible (550 - 750 nm) and near-infrared (around 1.54 µm ) wavelengths.

2.4.3.8.1 Photoluminescence spectra as a function of PL temperature

Fig. 2.19(a) shows the change in the Si-NC photoluminescence peak wavelength as
a function of temperature for a SiO1.5:Er film annealed in forming gas at 800◦C . A
slight blueshift (∼10 nm) in the emission spectrum can be observed upon increas-
ing the sample temperature from 77 K to 295 K.

The Er3+ emission lines around 1.54 µm on the other hand do not shift as a
function of temperature, but a change in the overall shape of the spectra can be
observed as shown in Fig. 2.19(b). Here, the recorded PL spectra for identical
SiO1.5:Er films are displayed for temperatures of 77 K and 295 K after normalization
to the peak intensity at 1535 nm. Red curves indicate data recorded after annealing
at Tanneal = 800◦C (i.e. the Si-NCs in this specimen are amorphous), whereas black
curves represent data collected after annealing the SiO1.5:Er film at 1100◦C , the
embedded Si-NCs were crystalline in this case.
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Fig. 2.19: Temperature effects on the photoluminescence spectra of Si-NCs and Er3+ ions in SiOx:Er mate-
rials. (a) illustrates the shift in peak wavelength for the PL spectra of a SiO1.5:Er film annealed at 800◦C .
(b) shows the normalized spectra at 1.54 µm for the same film annealed at 800◦C and 1100◦C and cooled to
77 Kelvin.

The overall spectral shape of the Er3+ photoluminescence did not depend on
whether the sensitizing nanoclusters were amorphous or crystalline, as the red
and black curves match each other well for both temperatures. Although the po-
sition of the primary (around 1535 nm) and secondary (around 1550 nm) peak did
not change upon increasing the temperature of the sample from 77 Kelvin to 295
Kelvin (room-temperature), Fig. 2.19(b) shows, that the PL intensity of the sec-
ondary peak (or ’shoulder’) was increased relative to the main peak. Also, higher
PL intensities were observed for the shorter wavelength side of the peak, accom-
panied by an overall broadening of the spectra. These phenomena were consistent
with the expected change in the temperature-dependant population distribution
within the Er3+ level manifolds (see section 1.3) and the resulting transition prob-
abilities. In appendix C, Er3+ emission spectra have been fitted with possible tran-
sition wavelengths and intensities - represented by gaussian curves - allowing the
determination of sub-levels and corresponding energies within the 4I13/2 and 4I15/2

manifolds.

2.4.3.8.2 Photoluminescence intensity as a function of PL temperature

The integrated PL intensity for emission spectra of both a-Si-NC and c-Si-NC sen-
sitized SiOx:Er films was determined at various sample temperatures as shown
in Figs. 2.20(a) and (b) for the photoluminescence at 1.54 µm from a SiO:Er sam-
ple annealed 500◦C and 1000◦C , respectively. Pump photon flux, PL collection
time, and experimental setup remained unchanged for all measurements to enable
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Fig. 2.20: Photoluminescence spectra of SiO:Er annealed at 500◦C (a) and 1000◦C (b) at temperatures of 77
K, 150 K, and 295 K.

quantitative comparison of the recorded spectra. Fig. 2.20(b) presents PL spectra
collected at 77, 150, and 295 Kelvin from the sample containing crystalline nan-
oclusters. Clearly, the Er3+ emission is most intense for lower PL temperatures
and decreases to about 20% of the peak value upon warming to room-temperature.
This behavior is generally referred to as thermal quenching, where the intensity is
decreased due to increasing probability for non-radiative decay with temperature,
and corresponds well to thermal quenching reported elsewhere.112,113 The Er3+ PL
spectra obtained for Tanneal = 500◦C on the other hand exhibit a quite different
effect. In this case an increase in photoluminescence intensity with increasing tem-
perature was observed (Fig. 2.20 a). Although this phenomenon was observed
for all films containing a-Si-NCs, it was most significant for the most silicon-rich
SiO:Er film annealed at the lowest temperature (500◦C ). It is noteworthy that this
increase in intensity does not occur homogeneously over the whole wavelength
range, but rather in the form of the aforementioned change in emission spectra (i.e.
increased intensity in the short and long wavelength regions). The peak intensity
at 1535 nm remains relatively constant.

Fig. 2.21 presents plots of the integrated photoluminescence intensity with de-
creasing temperature on a logarithmic scale. In (a) the integrated Er3+ PL intensi-
ties for SiOx:Er samples containing amorphous nanoclusters are shown in red for
Er-doped films of compositions SiO, SiO1.5, and SiO1.7 annealed at temperatures
of 500◦C , 800◦C , and 900◦C , respectively, to optimize the sensitization process
(i.e. Eg = 1.88 eV or λ = 660 nm). Shown in black are the integrated Er3+ PL
intensities obtained from the same films after annealing at Tanneal > 1000◦C ; the Si-
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Fig. 2.21: Temperature-dependent integrated PL intensities for various SiOx:Er compositions and anneal-
ing temperatures. (a) comparison of integrated Er3+ PL intensities for various SiOx:Er films containing
amorphous or crystalline Si-NCs, respectively. (b) comparison of integrated Si-NC and Er3+ PL intensities
depending on temperature for SiO:Er (500◦C and 1000◦C ).

NCs are now crystalline. Data points are fitted with logarithmic curves presenting
a guide to the eye and normalized to low temperature values estimated from the
same fits. The different (i.e. nearly opposite) effect of temperature on SiOx:Er films
containing crystalline and amorphous Si-NCs is clearly evident.

Fig. 2.21(b) compares the integrated PL intensities in the visible (Si-NC pho-
toluminescence) and 1.54 µm (Er3+ photoluminescence) from the above SiO:Er
film annealed at 500◦C and 1000◦C . Curves are normalized to the value mea-
sured at a temperature of 77 Kelvin. The Si-NC PL intensity decreases with in-
creasing temperature independent of wether the nanoclusters are amorphous or
crystalline, thermal quenching is slightly reduced in the crystalline case. Er3+ PL
intensity for Tanneal = 1000◦C is thermally quenched as well, in fact closely match-
ing the decrease in the Si-NC PL intensity. The scaling of Er3+ intensity with Si-NC
intensity suggests that energy transfer occurs predominantly from light emitting
(’bright’) silicon nanoclusters rather than ’dark’ carriers. As the Si-NC PL becomes
quenched, so is the transfer and therefore the Er3+ PL.

Once again, the Er3+ PL intensity for Tanneal = 500◦C showed opposite tempera-
ture dependent behavior and did not scale with Si-NC PL, suggesting that energy is
not predominantly transferred to the Er3+ ions from the emitting Si-NC, but some
other source, such as ’dark’ nanoclusters or defect centers, which are not experi-
encing thermal quenching to the same degree. Reduced energy back-transfer from
the ions to the nanoclusters might also contribute to the observed phenomenon.
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2.4.3.8.3 Photoluminescence dynamics as a function of PL temperature

In addition to intensity measurements, photoluminescence dynamics investiga-
tions were conducted for both Si-NC and Er3+ emission. Recorded PL decay traces
for a SiO1.4 film annealed at 700◦C containing amorphous silicon nanoclusters for
various temperatures are shown in Fig. 2.22(a). The PL decay consists of a fast drop
and a relative slow component as described previously. Upon cooling the sample
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Fig. 2.22: Temperature-dependent PL intensity decay for Si-NC and Er3+ photoluminescence. (a) amor-
phous Si-NC photoluminescence from SiO1.4 annealed at 700◦C , (b) crystalline Si-NC photoluminescence
from SiO1.5 annealed at 1100◦C , (c) Er3+ photoluminescence from SiO1.7:Er annealed at 900◦C .

to temperatures of 215 K, 130 K, and 77 K no change in the initial intensity drop is
observed (within the time resolution of our detection system). The decay lifetime of
the “tail” (slow) component of the decay, however, increases significantly with de-
creasing temperature. Despite this, the ratio between the fast and slow components
(∼ 5 : 1) is uneffected. Fig. 2.22(b) presents temperature-dependent PL intensity
decay curves for a SiO1.5 film annealed at 1100◦C , containing crystalline silicon



55

nanoclusters. As for the “tail” component in the amorphous case, an increase in
decay lifetime with decreasing temperature is clearly evident. Decay times and
stretching factors determined for both samples from a stretched exponential fit are
presented in table 2.7.

Stoichiometry-Tanneal 77 K 135 K 201/215 K 293 K

SiO1.4-700◦C τdecay = 401.2 µs τdecay = 124.0 µs τdecay = 40.1 µs τdecay = 14.5 µs
(tail) β = 0.49 β = 0.45 β = 0.43 β = 0.39

SiO1.5-1100◦C τdecay = 398.2 µs τdecay = 317.6 µs τdecay = 265.0 µs τdecay = 189.7 µs
β = 0.82 β = 0.80 β = 0.78 β = 0.76

Table 2.7: Temperature dependent Si-NC decay lifetimes and stretching factors.

Contrary to the increase in decay lifetimes seen in Si-NC PL intensities at lower
temperatures, the Er3+ decay lifetimes were relatively independent of tempera-
ture as shown in Fig. 2.22(c) for SiO1.7:Er annealed at 900◦C . Neither decay nor
rise traces showed any noticeable effect upon cooling the film sample from room-
temperature (293 K) to 77 K as illustrated by the close match between the two
curves.
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CHAPTER 3

SiOx:Er optical waveguides

3.1 Introduction

The sensitizing effect of Si-NCs on Er3+ ions might enable integrated optical ampli-
fiers with unique attributes. To this end, fabrication of light confining waveguide
structures based on the SiOx:Er films from chapter 2 was explored. In the follow-
ing, the design, fabrication, and characterization of these waveguides is described.

3.2 Waveguide structures

Optical waveguides exist in a variety of different types, generally classified accord-
ing to their structure or geometry. Optical fibers are a well known type of waveg-
uide used in long-haul communication networks, whereas designs more suitable
for integrated microphotonics include planar waveguides, channel waveguides,
and rib or rib-loaded waveguides. The latter two types were realized in this work,
as shown schematically in Fig. 3.1.

Choosing the appropriate layer dimensions – especially for the core layer – is
essential when designing optical waveguides. In order to avoid interference be-
tween different guides modes (so-called “mode beating”) it is beneficial to restrain
the dimensions and only allow a single mode (i.e. usually the fundamental mode)
to be confined and propagate within the waveguide. To achieve efficient coupling
on the other hand, one would want to match as closely as possible the mode-field of
the optical waveguide to that of the coupling fiber used. A large contrast between
the refractive indices of the core material and the cladding material is preferential
in order to achieve strong light confinement and maximize the overlap of the active
core region with the waveguide mode-field.

A mode solving software (Mode Solutions 3.0 by Lumerical) was used to in-
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a

b

Fig. 3.1: Schematic of channel- and rib- type
integrated waveguides fabricated from SiOx:Er
films in this work. The top image shows a chan-
nel waveguide; a strip of core material being
completely surrounded by a cladding with lower
refractive index. The bottom picture depicts a
rib-loaded waveguide; light is confined in the
core material layer through a cladding rib on top.
Red circles in both images emphasize the region
in which light confinement occurs.

vestigate and predict the modal characteristics and light confinement properties
of the fabricated channel and rib-loaded waveguides. The waveguide design was
generally guided by the aforementioned goals of efficient fiber coupling and mini-
mization of the number of modes.

3.2.1 Channel waveguides

Channel waveguides consist of a core region embedded completely in a cladding
material of lower refractive index. A special example of a channel waveguide is
an optical fiber. In contrast to optical fibers, channel waveguides in integrated
photonics do not typically have a round profile, due to the planar processing steps
employed.

Figures 3.2(a) and (b) show the calculated transverse-electric (TE) modes for a
channel waveguide with a SiO:Er core (n ∼ 1.9) surrounded by a benzocyclobutene
(BCB) polymer cladding obtained using the mode solving software. Only the fun-
damental TE mode (see Fig. 3.2 a) and first-order TE mode (see Fig. 3.2 b) are
shown, but several transverse-magnetic (TM) modes were also predicted.

3.2.2 Rib-loaded waveguides

In contrast to channel waveguides, rib and rib-loaded waveguides do not comprise
a fully embedded (i.e. within the cladding material) strip or cylinder of core ma-
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Fig. 3.2: Modesolver graphs showing possible modes in a channel waveguide of SiO (n=1.9) with the
core dimensions 1x6 µm . (a) shows the fundamental TE mode with characteristic Gaussian electric field
distribution, whereas (b) presents the first order TE mode. Higher order TE mode solutions were not found
for this structure.

terial. Instead, light confinement is achieved within the continuous core layer by
either shaping the core material into a rib itself or by forming a rib of cladding
material on top as illustrated in Fig. 3.1(b). Since direct etching of the SiOx:Er
materials proved impractical and produced poor results (see section 3.3), the latter
approach was chosen in this work.

One way to understand how the rib structure creates two-dimensional confine-
ment of light (as shown for example in Fig. 3.3 a), is by applying the effective index
method. In brief, the rib-loaded structure is divided into a region ¬ on the left and
right of the rib, and a region  including the rib, as illustrated in the bottom of
Fig. 3.3 (b). By treating each region separately, and solving the according eigen-
value equation for the propagation of an electro-magnetic wave in each vertical
multi-layer slab, one can determine an effective refractive index for each region.
The effective index of region  will be slightly higher than that obtained for re-
gion ¬, due to the additional high index (compared to n = 1 for air) portion of
the waveguide rib. Using these refractive index values, one may now solve the
eigenvalue equation for the equivalent slab in the horizontal direction, as shown
schematically in the top of Fig. 3.3 (b). The darker shaded region corresponds to
the rib and underlying layers with slightly higher effective index.

Although the core layer is continuous, light can therefore be confined under-
neath and within the rib to form a two-dimensional optical waveguide. Figure
3.3(a) presents the calculated (via Mode Solutions 3.0 by Lumerical) result for the
fundamental mode of a rib-loaded waveguide with a SiO1.7:Er core and SiO2 un-
dercladding and rib. The inset of Fig. 3.3 shows the mode-field of the equivalent
fabricated waveguide recorded with an infrared CCD-camera. The Mode Solutions
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Fig. 3.3: Propagation mode simulation for a rib-loaded waveguide structure. (a) shows the calculated TE
fundamental mode for a simulated waveguide structure with a core of SiO1.7:Er. The TE fundamental mode
is in fact the only supported guided mode in this case, the waveguide would therefore be single-moded. The
inset features the mode-field of such a waveguide recorded with an infrared CCD-camera. (b) illustrates the
effective index method.

3.0 software was used to investigate alternative SiOx:Er core films and rib dimen-
sions, mainly to determine single-mode conditions.

3.3 Fabrication of SiOx:Er optical waveguides

3.3.1 Channel waveguides

The fabrication process used to realize channel waveguides was based on previous
work in our group.114 A step-by-step schematic of this technique and the involved
processing steps is illustrated in Fig. 3.4.

Following cleaning of the silicon substrate in a mixture of hydrogen peroxide
and sulfuric acid (a solution commonly known as piranha in reference to its abil-
ity to ’eat away’ organic materials as does the famous little fish named piranha),
a layer of SiO2 (about 400 nm thick) was grown on the silicon surface by thermal
steam oxidation. The desired waveguide structures were thereafter patterned into
the SiO2 layer via a standard lithography process. In this process, the samples were
first treated with hexamethyldisilizane (HMDS), a photoresist adhesion promoter,
followed by spin-coating of the sample surface with a positive-tone photoresist
(HPR-504). The waveguide pattern (straight lines with varying lateral width rang-
ing from 1 µm to 6 µm in steps of 0.5 µm ) from an existing positive-image pho-
tomask114 was thereafter transferred into the photoresist via exposure to ultraviolet
(UV) light in a mask-aligner lithography unit. The patterned photoresist serves as
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(a) (b) (c) (d) (e)

Si
SiO
SiO:Er
BCB

2

Fig. 3.4: Processing steps in channel waveguide fabrication: (a) an SiO2 etch mask is deposited and pat-
terned on top of a silicon substrate; (b) RIE of the silicon except where it is protected by the SiO2 mask,
thereby creating post structures; (c) thermal steam oxidation to build the waveguide undercladding; (d)
deposition of the actual SiOx:Er core material via PVD; (e) spin-on and curing of BCB as cladding material
completes the channel waveguides.

etch-mask for the subsequent buffered-oxide-etch (BOE) of the underlying SiO2 as
illustrated in Fig. 3.4(a).

The resulting SiO2 strips serve as the etch-mask for inductively-coupled plasma
reactive-ion-etch (ICPRIE - process gas mixture of O2 and SF6) of the silicon, taking
advantage of the much higher etch rate of silicon compared to SiO2 (∼ 500 : 1). This
Si-etch creates posts of silicon about 6 µm in height (see Fig. 3.4 b). As illustrated
in Fig. 3.4(c), thermal steam oxidation for 16 hours at 1000◦C was performed to
transform the top 2 µm of the silicon (including the posts) into SiO2 , which served
as the low index undercladding in the waveguide structure. Subsequently, the core
layer of SiO or SiO:Er was deposited, covering the SiO2 undercladding but not the
post sidewalls as illustrated in Fig. 3.4(d). After deposition, the post structures
were annealed in order to promote Si-NC formation and growth in the core layer.
Finally, the channel waveguides were spin-coated with a∼10 µm layer of benzocy-
clobutene (BCB) polymer to completely cover the waveguide structures. The BCB
layer reduces the waveguide propagation losses due to scattering and protects the
waveguide structures from external damage. The final channel waveguide struc-
ture is shown schematically in Fig. 3.4(e).

Scanning-electron microscopy (SEM) images of the fabricated channel waveg-
uides without top BCB layer are presented in Fig. 3.5. In (a), the sidewalls of the
post were etched into an hourglass shape and shadowed during PVD by the SiO2

mask on top of the post. The line-of-sight is interrupted and the sidewalls remain
free of SiOx:Er deposit. In (b), the highly directional deposition flux (normal to the
substrate plane) results in formation of a highly porous layer consisting of angled
columns or needles on the sidewalls; this effect is often referred to as glancing angle
deposition (GLAD).115 It is evident from these SEM images that uniform guiding
layers with little sidewall roughness can be produced using these process steps.
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Fig. 3.5: SEM picture of fabricated channel waveguides excluding BCB layer. In (a) an hourglass shape
is shown, created by ’over-etching’ of the silicon post. No SiOx:Er material is deposited on the sidewalls.
(b) shows a channel waveguide with steep post sidewalls, resulting in SiOx:Er deposit via glancing-angle
deposition (GLAD). The dashed line indicates the position of the SiOx – SiO2 interface.

3.3.2 Rib-loaded waveguides

A rib-loaded waveguide is a relatively simple integrated structure, and can be fab-
ricated with a minimum number of processing steps. A straightforward approach
to create such waveguides would be to etch the rib directly into the guiding layer
material, i.e. the deposited SiOx:Er layer.

Attempts to etch ribs into SiO114 and SiO1.9 film deposited via PVD were under-
taken by means of BOE and RIE, as both techniques are commonly used in direct
patterning of SiO2 . In the case of films deposited with the previously-described
PVD technique, BOE etching results were rather poor. The BOE wet etch process
showed inconsistent etch rates, and the occurrence of micrometer sized pinholes
and large surface roughness was observed as shown in Fig. 3.6. On the other hand,
RIE resulted in significant sidewall and surface roughness caused by high-power
bombardment114. It is reasonable to associate these poor results with the deposi-
tion technique used, since the same etch processes produced much better results
for SiO2 films deposited by plasma-enhanced chemical vapor deposition (PECVD)
of a mixture of tetrahylorthosilicate (TEOS) and oxygen gases.

As a result, SiO2 rib-loaded waveguide structures (see Fig. 3.7) were realized
using the following processing steps. First, a 2 µm thick SiO2 layer was grown on
a silicon-wafer substrate by thermal oxidation in a wet (steam) oxidation furnace
(T = 1000◦C). Subsequently, a SiOx:Er waveguide guiding layer was deposited via
PVD. This process was described in detail in section 2.2. Annealing of the samples
in forming gas (H2+N2) results in the formation of Si-NCs. Thereafter, a layer of
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Fig. 3.6: SEM images of waveguide structures created by direct wet etching of SiO1.9 in BOE; (a) shows big
craters left behind by the etch, and the greater magnification in (b) reveals surface and sidewall roughness.

SiO2 was deposited on top via PECVD and patterned using a standard lithography
process, followed by “wet” or “dry” etching of the SiO2 to create rib structures.
Rib structures of heights between 0.4 to 1 µm were created via buffered-oxide etch
(BOE) and possessed good edge definition and low sidewall roughness, as shown
in Fig. 3.7 (b). The rounded and angled (∼ 45◦) sidewalls are typical for an isotropic
liquid-phase (wet) etchant.

Reactive-ion etching (RIE) was used to realize rib structures with heights in
excess of 1 µm . RIE (process gas mixture: O2 + CHF3) is an anisotropic (i.e. uni-
directional) plasma-phase (dry) etch, resulting in steep vertical sidewalls. Figure
3.8 shows a top view SEM image of a rib structure etched via RIE. The substantial
sidewall roughness resulting from the reactive-ion etch process is evident.

3.4 Experimental: Waveguide analysis

In the present work, optical waveguides of different types, dimensions, and com-
positions were characterized in terms of optical losses and signal absorption and
emission. A summary of the investigated waveguides showing key properties (in-
cluding the core confinement factor Γ) is given in table 3.1.

3.4.1 Propagation loss measurements via the cutback technique

Waveguide losses can arise from intrinsic material properties, such as absorption
and scattering, or extrinsic fabrication-related issues, such as interfacial scattering
(e.g. at rough sidewalls). The term propagation loss is commonly used to refer to the
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Fig. 3.7: SEM images of a rib-loaded waveguide fabricated by wet etching of PECVD-oxide. (a) is a profile
view of a 5 µm wide rib structure, exhibiting some sidewall roughness in the form of ripples at the bottom
of the rib, (b) is a close-up view of the sidewall of one of the larger rib structures, illustrating the low level
of roughness achieved.

sum of all these losses.
The cutback technique is a relatively simple method to determine the propaga-

tion loss in optical waveguides (Fig. 3.9). In brief, light is coupled into a relatively
long piece of a low-loss optical waveguide and the transmitted power (Pa) is mea-
sured. Subsequently, a small length of the waveguide is ’cut off’, thereby shorten-
ing the propagation length that light travels within the guide. Shorter length results
in less propagation loss and therefore increased transmitted power (Pb). Assuming
equal coupling conditions and efficiency in both cases, the propagation loss of the
waveguide can then be calculated as116,117

Lwg [dB/cm] = − 10
lab

log
[
Pa

Pb

]
(3.1)

where lab = a − b is the length of the waveguide section removed. The coupling
losses can be estimated by using linear regression to calculate the power at the
input facet and comparing the determined value to the measured output power of
the coupling fiber.

In this work, channel and rib waveguides up to a length of about 2 cm were fab-
ricated. Propagation losses were determined via the cutback technique, by cleaving
off 2 or 3 pieces of length 3 - 12 mm each. All pieces were cleaved off the output
facet of the wafer chip, maintaining the same conditions on the input coupling side
to keep the coupling losses between the single-mode Nufern fiber and the waveg-
uides as constant as possible. After optimizing the coupling for maximum trans-
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2 um

Fig. 3.8: SEM image (top view) of a rib-loaded
waveguide fabricated via dry-etching (RIE) of
PECVD-oxide. High sidewall roughness is evi-
dent, whereas the top surface seems smooth.

waveguide C R-1 R-2 U (undoped)
type channel rib-loaded rib-loaded channel & rib-loaded
active region
height [µm ] 1 1 1.7 1
width [µm ] 1-6 1-6 1-6 1-6
stoichiometry SiO:Er SiO:Er SiO1.7:Er SiO
core refractive index 1.9 1.9 1.46 1.9
Γ 0.92 0.93 0.64 0.93
Er in at.% 1 1 0.12 –
Er concentration [cm−3] 6.0× 1020 6.0× 1020 0.72× 1020 –

Table 3.1: Summary of the investigated optical waveguides.

mission, the transmitted power (λ = 1.3 or 1.6 µm ) was collected via a microscope
objective (magnification 60×) and detected with a near-infrared photodiode (New-
port 818-IR) connected to a calibrated optical power meter (Newport 1830C). As the
photomask pattern provided a set of 9 parallel waveguides of equal width on each
wafer chip, losses for all 9 waveguides were measured and averaged to eliminate
effects occurring irregularly in one waveguide but not the other (e.g. scattering at
an embedded particle).

3.4.2 Er3+ - and Si-NC- doped waveguide experiments

Absorption and emission experiments on optical waveguides (as opposed to thin
films) can offer a new perspective on the investigation of optical properties in
SiOx:Er materials. Spontaneous and stimulated Er3+ emission is confined and
guided within the waveguide, providing a directional and strong luminescence
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Fig. 3.9: Schematic illustration of the cutback tech-
nique. The top section of the image presents a
simplified view of the measurement setup. Light
(red) coming from a fiber is coupled into the optical
waveguide, travels along the guide, and is detected
after exiting the waveguide chip. Also indicated is
the successive reduction in length from a to b to c to
d. The bottom graph shows the measured values of
transmitted power and the determination of the loss
via linear regression (see results in section 3.5.1).

signal for analysis.
Figure 3.10 shows a schematic of the experimental setup used for photolumi-

nescence measurements on the optical waveguides, analogous to the setup shown
in Fig. 2.2 for the thin film case. Erbium ions within the waveguides can be
excited directly (resonantly) or indirectly (non-resonantly) via sensitization from
the embedded silicon nanoclusters. For resonant excitation of the Er3+ ions into
their 4I11/2 level, light with a wavelength of 0.98 µm from a fiber laser (TRLabs
serial #:95485) was launched into the waveguide through the 0.98 µm port of a
wavelength-division multiplexer (WDM). The light was coupled into the waveg-
uide piece by aligning the end of the stripped Nufern single-mode fiber (core di-
ameter 4 µm – mode-field diameter 4.8 µm ) to the cleaved edge of the waveguide
chip; a microscope objective and optical power meter (Newport 1830C) were used
to optimize the positioning of the fiber for maximum coupling and transmission.

Non-resonant excitation of the Er3+ ions via Si-NCs can be achieved in two
ways. Instead of the 0.98 µm pump laser, a different light source can be used to
launch light into the end facet of the waveguide. Note that this approach of end-
coupling of non-resonant pump light is not likely practical, due to the short absorp-
tion length of the pump light within the waveguide. Alternatively, the waveguides
can be illuminated from above as illustrated in Figs. 3.10 and 3.11. Due to the
broadband absorption of the silicon nanoclusters, the excitation wavelength need
not be resonant with any erbium level and even broadband sources in the UV and
visible wavelength range - such as light emitting diodes (LEDs) - might be usable,
depending on the pump intensity required.

After excitation, the Er3+ ions emit light in the 1.54 µm wavelength regime,
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Fig. 3.10: Schematic of a waveguide
photoluminescence experimental
setup. Pump light exciting Er3+

ions directly or indirectly (via Si-
ncs) is provided by a 980 nm pump
laser or other sources launched
into the waveguide through a
coupling fiber or from above. Er3+

photoluminescence is collected with
an OSA from the 1.54 µm port of the
WDM.

some of which is confined to the waveguide core. The portion of light traveling
in the backward direction can then be collected by the coupling fiber and exits the
WDM through its 1.54 µm port, to be measured using an optical spectrum analyzer
(OSA - Anritsu MS9710C).

In order to investigate the absorption and stimulated emission of a probe signal
in the wavelength region of the 4I15/2 →4I13/2 Er3+ transition at 1.54 µm , and to
measure potential signal enhancement under different excitation schemes, an ex-
perimental arrangement as depicted in Fig. 3.11 was used. The probe signal (blue
arrows) from a tunable fiber laser (Santec TSL-320) was scanned through the wave-
lengths from 1.52 µm to 1.62 µm and split into 2 parts by a 90/10 coupler. 10% of the
total signal power was collected by a near-infrared photo detector (Newport 818-
IS-1) and used to correct for variations in the wavelength dependent laser output
power. The remaining 90% power was fed into a waveguide-division multiplexer
(WDM) and coupled into the waveguide sample. Also, reference measurements
were taken without the waveguides in place, and the data was used to account for
the wavelength dependent response of the entire system.

As described previously, pump light can be either co-propagated with the probe
light, or can be provided by directly illuminating the waveguide from above. Non-
resonant pumping was attempted using a frequency-doubled Nd:YAG laser (CLM-
50) with an output power of about 70 mW at a wavelength of 532 nm. The laser
beam can be focused and shaped into a narrow line via a pair of lenses (at least
one cylindrical lens), to better match the waveguide region and intensify the pump
energy.

Transmitted light was collected at the opposite end of the waveguide via a mi-
croscope objective (60x) or a fiber with high numerical aperture. Residual pump
light was eliminated by a long-pass filter, preventing light with a wavelength be-
low ∼1 µm to reach the detector, or by a band-pass filter (1.33 µm to 1.67 µm ) only
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Fig. 3.11: Schematic of the experimental waveguide setup used to measure signal losses and gain under
resonant and non-resonant pumping conditions. Pump (0.98 µm ) and probe (1.52 - 1.62 µm ) light were
launched into the waveguide via a WDM and polarization controller (Pol). Also indicated (green arrows) is
possible non-resonant pumping from above. Light exiting the opposite end of the waveguide sample was
collected by a microscope objective (60x) and recorded via a near-infrared camera or germanium photode-
tector. A long-pass-filter (LPF) or band-pass-filter (BPF) eliminated residual pump light. Detector readouts
were analyzed via PC.

allowing light from the Er3+ 4I15/2 →4I13/2 transition to pass. The remaining signal
was collected with a near-infrared photo detector (Newport 818-IR), recorded on a
personal computer (PC), and corrected for the system response and variation in sig-
nal laser intensity. Prior to collecting the transmitted signal for the complete wave-
length range, waveguide coupling was optimized, and polarization was tuned for
maximum transmission. A polarization controller (Pol) enables the selection of a
predominant polarization (TE or TM) to be coupled into the waveguide modes.

The photo detector can be replaced by an infrared CCD-camera (Sensors unlim-
ited, Inc.) in order to image the output mode-field of the waveguides, as well as to
ensure that pump and probe light are indeed coupled into the waveguide modes
and not propagating beneath or above the actual core, or as a slab mode in the
SiOx:Er layer on either side of the waveguide.

3.5 Results & Discussion

3.5.1 Waveguide losses

The characterization of the waveguide propagation losses, i.e. the attenuation of
signal power over a given length of waveguide, constitutes an important part of the
waveguide design process. If the propagation losses in an optical waveguide are
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Fig. 3.12: Propagation losses of waveguide C
with varying widths.

minimized, compensation of these losses via optical amplification can be achieved
with even moderate gain coefficients.

To avoid absorption of the probe signal by Er3+ ions in the 4I15/2 ground state,
loss measurements in this work were conducted at wavelengths of 1.3 µm and
1.6 µm (rib-loaded waveguides only). At these wavelengths, the contribution of
Er3+ absorption (centered around 1.54 µm ) to the waveguide propagation losses
is nearly zero (at 1.3 µm ) or very small (at 1.6 µm ), enabling an estimation of
the ’pure’ waveguide propagation and coupling losses. Propagation and coupling
losses of fabricated channel- and rib-loaded waveguides (see table 3.1) were deter-
mined using the cutback technique described previously.

fit # wavelength (nm) width (µm ) propagation loss (dB/cm) coupling loss (dB)

1 1300 6 0.8 6.0
2 1300 4.5 2.2 6.1
3 1300 3 2.1 6.8

Table 3.2: Propagation and coupling losses as shown in Fig. 3.12 for a waveguide C of widths 3, 4.5, and 6
µm at a signal wavelength of λ = 1300 nm.

Results for the measured transmitted powers (λ = 1.3 µm ) for waveguides
of type C are shown in Fig. 3.12 with the corresponding linear fit, the gradient
of which is a measure for the waveguide propagation loss. The loss values deter-
mined from these data points via Eqn. 3.1 are presented in table 3.2. A propagation
loss of 0.8 dB/cm was obtained for the 6 µm wide waveguide. Typical loss val-
ues for most of the narrower channel waveguides were approximately 2 dB/cm as
shown for waveguide widths of 3 µm and 4.5 µm .
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Fig. 3.13: Propagation losses of waveguide R-1 at λ = 1300 nm (a) and λ = 1600 nm (b) for different
rib-widths of 3, 5, and 6 µm . Dashed lines are guides to the eye and possible data fitting curves represent
different propagation loss values.

Measured transmitted powers for 3, 5, and 6 µm wide waveguides of type R-1
and the corresponding linear fits are shown in Figs. 3.13(a) and (b). Additional
lines were added in some cases to illustrate how defects along one short section of
waveguide can increase the overall propagation losses (e.g. fit 4 in Fig. 3.13 a) as
compared to the waveguides without defect (e.g. fit 3 in Fig. 3.13 a). The deter-
mined propagation and coupling losses at wavelengths of 1.3 µm and 1.6 µm are
presented in table 3.3. Typical propagation losses for waveguide R-1 are signifi-
cantly higher than for waveguide C, ranging from 3.2 to 14.5 dB/cm. Also higher
were the observed coupling losses, typically on the order of 8 to 10 dB.

fit # wavelength (nm) width (µm ) propagation loss (dB/cm) coupling loss (dB)

a.1 1300 5 7.0 9.5
a.2 1300 6 9.3 9.0
a.3 1300 3 10.9 10.7
a.4 1300 3 14.5 9.2
b.1 1600 5 3.2 8.2
b.2 1600 5 4.5 7.7
b.3 1600 6 7.0 4.5
b.4 1600 3 5.9 11.3

Table 3.3: Propagation and coupling losses as shown in Fig. 3.13 determined for a waveguide R-1 of widths
3, 5, and 6 µm at signal wavelengths of 1.3 and 1.6 µm . Dashed lines are guides to the eye and possible data
fitting curves represent different propagation loss values.

The substantial sidewall roughness (see Fig. 3.8) evident in waveguides of type
R-2 causes high scattering losses and no transmission of light could be detected
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Fig. 3.14: Integrated PL intensities at 1.54 µm for
resonant excitation (λ = 0.98 µm ) with increas-
ing pump powers. The inset shows the shape of the
Er3+ emission spectra typically observed.

for waveguides longer than 5 mm. However, the insertion loss (i.e. the sum of
coupling and propagation losses) was measured for this 5 mm waveguide to be
around 38 dB. By estimating the coupling loss as 8 to 10 dB - as was determined
for waveguide R-1 with similar dimensions - one can expect the propagation loss
in this case to be approximately 60 dB/cm.

In summary, the collected data lends support to the conclusion that low loss
waveguiding in SiOx:Er based materials is possible, provided smooth sidewalls
are created.

3.5.2 SiOx:Er waveguide photoluminescence

A typical PL spectrum obtained from a SiO:Er channel waveguide using the setup
in Fig. 3.10 is shown in the inset of Fig. 3.14, revealing the familiar Er3+ emis-
sion shape. Figure 3.14 illustrates the integrated photoluminescence power at 1.54
µm with increasing pump power for resonant pumping at 0.98 µm . As the pump
power is increased by a factor of about 10, the integrated PL power only increases
by a factor of approximately 5, indicating saturation behavior of the erbium inver-
sion level at higher pump intensities (see section 2.4.3).

Attempts were made to observe 1.54 µm PL from the same waveguide under
non-resonant pumping; i.e. via energy transfer from the Si-NCs to the Er3+ ions.
To do so, pump light from a frequency-doubled Nd:YAG laser with wavelength
532 nm was either fed into the input fiber or delivered to the waveguide from the
top. Both these strategies proved unsuccessful as no 1.54 µm emission could be
detected by the OSA.
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3.5.3 SiOx:Er waveguide absorption

Wavelength resolved absorption spectra were recorded for a variety of fabricated
waveguides using the setup described in section 3.4.2. The wavelength of the cou-
pled and propagated light - hereafter referred to as “signal” - was scanned through
the wavelengths from 1520 nm to 1620 nm and the transmitted power for each
wavelength collected at the output of the waveguide. In order to eliminate sig-
nal power variations introduced by the fiber laser or other components of the sys-
tem, each absorption spectrum was corrected using the corresponding spectrum
recorded on the 10% port of the WDM as P (λ) = Ptrans(λ)/P10%(λ). Figures 3.15(a)
and (b) show broadband scans recorded for waveguides of type R-1 and R-2, re-
spectively.

A problem that was unfortunately encountered for almost all investigated wave-
guides is illustrated in Fig. 3.15(a). Although the typical Er3+ absorption peaks at
1534 nm and 1550 nm are clearly distinguishable in this case, periodic oscillations
occurred, preventing useful analysis of the recorded data. The periodic character
of these oscillations suggests some sort of interference effect. This was attributed
to a combination of a “mode beating” effect and the fact that 0.1 nm or 1 nm wave-
length steps were used in obtaining the data. Simply put, different modes traveling
within a waveguide experience different effective refractive indices. Upon reaching
the output facet of the waveguide, the electro-magnetic waves comprising these
modes might be in phase or out of phase depending on signal wavelength and
waveguide length, resulting in a fast oscillating amplitude of the output intensity
with respect to scanning wavelength. In some cases the effect could be minimized
(see Fig. 3.15 b), and in other cases it was not apparent at all (see Fig. 3.16 a),
enabling the use of these waveguides for absorption and pumping experiments.

These spectra of transmitted power characterize the wavelength dependent sig-
nal loss in the waveguide, including waveguide coupling and propagation loss,
absorption by Er3+ ion, and absorption by Si-NCs. To extract the absorption of
signal power due to Er3+ ions from the overall transmitted spectrum, undoped
waveguides of type U were used as reference. Since both Er-doped and undoped
waveguides exhibit nearly the same losses due to coupling, scattering, and Si-NC
absorption, these losses can be corrected for and the remaining Er absorption was
determined via

in [dB/cm] : α (λ) = − 10
lwg

log10

(
PD (λ)
PU (λ)

)
, (3.2)

or in
[
cm−1

]
: α (λ) = − 1

lwg
ln
(
PD (λ)
PU (λ)

)
, (3.3)

where PD (λ) and PU (λ) are the transmitted powers of the Er-doped and undoped
waveguides, respectively, at a given wavelength λ, and lwg is the length of the
waveguide in cm.
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Fig. 3.15: Transmission spectra between λ = 1520− 1590 nm of Er-doped optical waveguides. The scan in
(a) shows a typical result from a SiO:Er rib-loaded waveguide (core layer height 1 µm ) with erbium-related
absorption at around 1534 nm and 1550 nm and the periodic oscillations frequently observed. The inset
presents an image from the infrared CCD camera showing a higher order mode supported by the same
waveguide. Graph (b) shows a scan from a SiO1.7:Er waveguide with a shallow absorption peak at 1534
nm due to erbium doping of only 0.12 at.%.

Given the nature of the Er3+ energy band described in detail in appendix C, the
most pronounced loss in transmitted light is expected for a wavelength of about
1534 nm due to absorption by erbium ions in the ground state. This ground state
absorption becomes negligible at wavelengths above about 1580 nm.

An estimate of the peak 4I15/2 to 4I13/2 absorption cross section can made by
using the relation67,85,118

σabs =
α1534

ΓNEr
, (3.4)

where α1534 is the Er3+ peak absorption at λ = 1534 nm as compared to an un-
doped sample, Γ is the core confinement factor (i.e. the overlap of the optical mode
with the SiOx:Er core), and NEr is the erbium concentration in the core material. An
estimate on the mode overlap can be made by assessing the mode structures cal-
culated using the mode solving software. The fundamental mode of both channel
and rib-loaded waveguides of types C and R-1 was nearly completely (Γ ≈ 0.93)
confined to the core layer (see Fig. 3.2 a), due to the core materials refractive index
of n ≈ 1.9. When the refractive index contrast between core and cladding materials
is small, a considerable portion of the fundamental mode does not overlap with the
core layer. For waveguide R-2, Γ was determined to be 0.64 (see Fig. 3.3 a). The
peak absorption of waveguide R-2 with NEr = 0.72 × 1020 cm−3 is approximately
0.42 dB on a waveguide length of 0.5 cm (see Fig. 3.15 b), which corresponds to
about 0.2 cm−1. Using these values the absorption cross section is estimated to be
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Fig. 3.16: Absorption and emission behavior of a SiO:Er rib-loaded waveguide (rib width: 5 µm, rib height:
0.6 µm) between λ = 1520 − 1620 nm for increasing pump powers at 0.98 µm . (a) shows transmission
spectra (corrected for the system response) for various pump intensities and peak absorption values. (b)
illustrates erbium-related gain and confined carrier absorption as a function of pump power.

4.3 × 10−21 cm2. In case of the heavier doped R-1 waveguide with NEr = 6 × 1020

cm−3 the peak absorption is 9.24 dB/cm or 2.13 cm−1 (see Fig. 3.16 a), resulting
in an estimated absorption cross section of about 3.8 × 10−21 cm2. These numbers
are in good agreement with values for Si-NC and Er-doped glasses reported else-
where67,87, and about 1 order of magnitude lower than the cross section reported
by Han et al.5

3.5.4 Pump - probe experiment

In order to raise Er3+ ions from the 4I15/2 ground state into their excited 4I13/2 level,
and thereby create the potential for population inversion and stimulated emission,
the Er-doped waveguides have to be pumped optically. Population inversion is
achieved if at least 50 % of the Er3+ ions can be excited. A typical pumping
wavelength is 0.98 µm , as photons at this wavelength can excite Er3+ ions into
their 4I11/2 level, from where they quickly relax to the 4I13/2 level through phonon-
mediated energy exchange.

To estimate the amount of excitable Er3+ ions (in relation to all absorbing Er3+

ions) and investigate if population inversion can be achieved in SiOx:Er waveg-
uides, optical pumping at 0.98 µm was conducted for increasing pump powers
with the setup shown in Fig. 3.11. For each pump intensity, the signal wavelength
was scanned through the 1520 nm - 1620 nm band and the transmitted powers
were recorded as a function of wavelength. Typical results – corrected for system
response and showing the erbium-related changes only – are shown in Fig. 3.16(a).
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As pump power was increased, two mechanisms acting simultaneously on the
spectral response of the waveguide were observed.

First, the dashed lines in Fig 3.16 (a) correspond to the transmitted power record-
ed at 1620 nm where the erbium-related absorption is negligibly small. These in-
dicate a broad and featureless loss mechanism. This effect is commonly ascribed
to carrier-induced absorption – free carrier absorption (FCA) or confined carrier ab-
sorption (CCA) – and is well known to be a dominant pump-induced mechanism in
Si-NC materials.25,67,84,119 Light in the signal band near 1534 nm can be absorbed by
free carriers, which undergo intraband transitions in the process. Carrier-induced
absorption therefore depends on the density of excited carriers, which in turn de-
pends on the pump power as illustrated in Fig. 3.16(b) for a SiO:Er waveguide.

The second observed effect is a reduction in the erbium-related absorption with
increasing pump power due to stimulated emission, which is most apparent at
1534 nm. In Fig. 3.16(a), the absorption for each pump power was determined as
the intensity ratio between 1534 nm and 1580 nm, as erbium-related absorption at
1580 nm was considered negligible. The change in intensity due to Er3+ emission
– hereafter referred to as “gain” gEr – may then be determined via

gEr [dB] = αpump [dB]− αo [dB] , (3.5)

where αo is the peak absorption at 1534 nm with zero pump power, and αpump
is the peak absorption at the same wavelength under optical pumping. Note that
despite using the term ’gain’, no net gain (i.e. signal amplification) was actually
observed. Rather, the increase in carrier-induced absorption with pump power
is the dominant effect. Figure 3.16(b) shows the change in transmitted intensity
(i.e. erbium-related gain) with increasing pump power for a SiO:Er waveguide of
length ∼ 0.5 cm. At maximum pump intensity of 22.2 mW, the erbium-related
gain reaches 0.76 dB or 1.52 dB/cm. The percentage of inverted Er3+ ions may be
estimated by comparing this gain to the peak absorption via118

Nexc

NEr
=

gEr

2 · αo
. (3.6)

Given the values above, only about 8.2 % of the absorbing Er3+ ions were optically
active and contributed to signal gain at a pump power of 22.2 mW, most likely due
to clustering of the Er3+ ions at high doping concentrations.96,120 The determined
value is in good agreement with values reported by Daldosso et al.67

Attempts were made to non-resonantly excite the erbium ions via sensitization
by the Si-NCs as described in section 3.4.2. Neither co-propagating the 532 nm
pump light in the waveguide nor pumping from above was successful.
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CHAPTER 4

Conclusion

4.1 Summary of Results

Er-doped glasses containing amorphous and crystalline silicon nanoclusters were
investigated as a potential medium for integrated optical waveguide amplifiers.
Both photoluminescence properties and microfabrication approaches were stud-
ied.

4.1.1 Si-NC photoluminescence

Photoluminescence spectra were recorded for various SiOx compositions (x = 1−
1.8) and annealing temperatures (Tanneal = 400◦C−1100◦C). Due to the NC size dis-
tribution, these spectra were typically about 200 nm wide and the peak emission
wavelengths ranged from 450 nm to 950 nm depending on the mean nanocluster
size. Rise and decay traces obtained from crystalline Si-NCs were well described
by a stretched exponential function with 1/e lifetimes of τ ≈ 50 µs and β ≈ 0.7,
whereas the traces obtained from amorphous Si-NCs were characterized by two
components. (A fast component and a slow component). Again, the slow compo-
nent was well described by a stretched exponential with β ≈ 0.7 and a 1/e value
of τ ≈ 80 µs. Using these lifetimes and approximating the silicon nanoclusters
as a two level system, the absorption cross section of Si-NCs was estimated to be
approximately 10−15 cm2 to 10−14 cm2.

Introduction of Er3+ ions into the SiOx films was found to quench Si-NC pho-
toluminescence and cause a shortening of the Si-NC photoluminescence rise and
decay times, both indicative of a fast and efficient transfer of energy from the sili-
con nanoclusters to the erbium. Quenching was most pronounced at wavelengths
corresponding to Er3+ excited levels (e.g. λ ≈ 660 nm).
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4.1.2 Er3+ photoluminescence and effective energy transfer

Amorphous and crystalline silicon nanoclusters have been shown to efficiently sen-
sitize the luminescent transitions in Er3+ -doped silicon-rich oxide (SRO). The Er3+

ions embedded in the SiOx matrix were excited via energy transfer from the Si-
NCs with wavelengths not resonant to any excited erbium level. The characteristic
Er3+ emission band around λ = 1.54 µm - corresponding to the transition between
the 4I13/2 and 4I15/2 erbium levels - was observed for annealing temperatures rang-
ing from 400◦C to 1100◦C and oxygen-to-silicon ratios between 1 and 1.8 (SiO →
SiO1.8).

Intense Er3+ photoluminescence was observed for samples which also exhib-
ited Si-NC photoluminescence at a peak wavelength of λ ≈ 660 nm. This suggests
that the energy transfer mechanism is most efficient when the band levels of the
Si-NCs overlap with the 4F9/2 excited state of the Er3+ ions. It is noteworthy that
in all these cases the Si-NCs were in an amorphous state, confirming an earlier re-
port69 stating amorphous Si-NCs as more effective sensitizers than their crystalline
counterparts.

Photoluminescence rise and decay traces were recorded for the 1.54 µm emis-
sion band and were described by a stretched exponential function with 1/e life-
times in the range of 0.1 ms to 8.8 ms, the latter being close to the lifetimes found
in Er-doped silica fibers. The longest lifetimes were observed for films rich in oxy-
gen and annealed at temperatures between 700◦C and 900◦C . The Er3+ excita-
tion cross section was estimated (using the obtained rise and decay times) to be
∼ 10−16 − 10−15 cm2 by assuming a two-level system at low pump flux. This cross
section estimate is 4− 5 orders of magnitude larger than for Er3+ ions in silica.29

In contrast to Er-doped films containing crystalline Si-NCs, no temperature
quenching was observed for films containing amorphous silicon nanoclusters, in-
dicating that back transfer from the Er3+ ions to the Si-NCs is minimal in this case.
In fact, the PL intensity at 1.54 µm increases with temperature when the nanoclus-
ter sensitizers are amorphous.

In conclusion, the obtained results suggest means by which the properties of
Si-NC sensitized Er3+ ions can be optimized by choosing the appropriate Tanneal
and oxygen-to-silicon ratio.

4.1.3 SiOx:Er waveguides

Channel- and rib-loaded integrated waveguides have been designed and fabri-
cated using the investigated SiOx:Er films as active core materials. Insertion losses
for each waveguide type were determined for a variety of waveguide widths. In
the case of the investigated channel waveguides, propagation losses on the order
of ∼ 2 dB/cm and coupling losses of about 6 dB at a wavelength of λ = 1300 nm
were obtained. For rib-loaded waveguides, propagation losses between 3.2 dB/cm
(λ = 1600 nm) and 14.5 dB/cm (λ = 1300 nm) were measured. The coupling losses
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for this type of waveguide were measured to be ∼ 10 dB.
The 4I13/2 to 4I15/2 erbium absorption cross section under direct excitation (λ =

0.98 µm) was estimated to be 4×10−21 cm2, slightly higher than the value reported
in SiO2 , but much lower than the values determined for Si-NC sensitized excitation
in this work (∼ 10−16 − 10−15 cm2).

Erbium related signal enhancement in the 1.54 µm emission band was inves-
tigated by co-propagating signal and pump light in rib-loaded waveguide with a
SiO:Er core layer. Under resonant pumping (λ = 0.98 µm) it was possible to invert
∼ 8% of the active Er3+ ion population and an erbium related signal enhancement
of ∼ 1.5 dB/cm was observed. However, carrier-induced absorption constitutes a
dominant loss mechanism (∼ 3 dB/cm) exceeding the signal enhancement.

4.2 Suggested future work

To exploit the potential of Si-NC sensitized Er-doped glasses for optical waveguide
amplifiers, several issues (e.g. the invertible fraction of active Er3+ ions or the
reduction of carrier-induced absorption loss) must be addressed and resolved. In
this work, an Er3+ doping concentration of ∼ 0.2 at.% was used in most SiOx host
compositions. Photoluminescence in the SiOx:Er material system may be further
optimized by investigating the effects of different doping levels. SiO1.5 is suggested
as the host material, since annealing this composition at 700◦C created the best
conditions for effective energy transfer in this work, paired with long lifetimes of
the excited level. This work aims to maximize the fraction of active and invertible
Er3+ ions. The increased oxygen-to-silicon ratio will result in a smaller number of
Si-NC, thereby reducing the losses due to carrier-induced absorption.
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APPENDIX A

Ellipsometry

Ellipsometry is a valuable tool primarily in determining film thickness and opti-
cal constants non-destructively; its sensitivity allows it to obtain optical properties
of nanometer-scale material film layers. This measurement technique utilizes a
change in polarization as light reflects or transmits from a material structure; the
measured response depends on optical properties and thickness of the individual
film. Besides its most common use to determine film thickness and refractive in-
dex, it is also applied to characterize composition, crystallinity, roughness, doping
concentration, and other material properties associated with a change in optical
response.

A.1 Principle of operation

As ellipsometry is based on a change in the polarization of reflected light it may
be useful to give a short overview on light polarization at this point. Light can be
described as an electromagnetic wave traveling through space; polarization repre-
sents the behavior of the electric field in space and time. Since the electric field of
a wave is always perpendicular to the direction in which the wave travels (com-
monly labeled z), its polarization can be described by its x- and y- components. In
cases where the x- and y- wave components are in-phase, the resulting light will be
polarized linearly as shown in Fig. A.1 (a), whereby the relative amplitudes deter-
mine the orientation of the polarization. If the y- component is exactly 90 ˚ phase-
shifted to the x- component, but both wave components have equal amplitudes,
resulting light will be circular polarized as illustrated in Fig. A.1 (b). Linear and
circular polarization represent special cases; most commonly the x- and y- com-
ponents of a light wave will have arbitrary amplitudes and phase relative to each
other, the resulting polarization is elliptical as shown in Fig. A.1 (c).
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(a)

(c)

(b)

Fig. A.1: Combination of orthogonal waves to
demonstrate different polarization: (a) linear polar-
ization; (b) circular polarization; and (c) elliptical
polarization.

When light is incident on a material or propagates inside a material, interaction
occur between the light and the material. These optical interaction properties can
be described in part by the complex refractive index n̂ = n+ik, consisting of the
index n and the extinction coefficient k. The index n describes the phase veloc-
ity of light traveling inside a material compared to the speed of light in vacuum,
whereas the extinction coefficient k describes the loss of the light waves energy to
the material due to absorption. Maxwell’s equations must remain satisfied when
light interacts with a material, which leads to boundary conditions at the interface;
i.e. incident light is reflected and/or refracted at a material interface, depending
on the materials optical constants. But, these boundary conditions provide differ-
ent solutions for electric field polarizations parallel (p) and perpendicular (s) to the
plane of incidence, respectively. The amount of light reflected and transmitted at
any given interface between two materials in term of the p− and s−components
are given by Fresnel’s equations:

rs =
nicos(θi)− ntcos(θt)
nicos(θi) + ntcos(θt)

; ts =
2nicos(θi)

nicos(θi) + ntcos(θt)
(A.1)

rp =
ntcos(θi)− nicos(θt)
nicos(θt) + ntcos(θi)

; tp =
2nicos(θi)

nicos(θt) + ntcos(θi)
(A.2)
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Fig. A.2: Typical ellipsometry configuration: By a polarizer linearly polarized light is reflected from a
sample surface and the change in polarization is measured by a rotating analyzer to determine the sample
response. After 121.

where i and t represent incident and transmitted light, respectively, and θ denotes
the angle relative to the surface normal.

In ellipsometry, measuring the change of p− and s−components upon reflec-
tion or transmission is of primary interest. To do so, a reference beam with known
polarization is reflected of the sample and the resulting output polarization is mea-
sured; the change in polarization is represented as an amplitude ratio ψ, and the
phase difference ∆, and commonly written as

ρ = tan(ψ)ei∆. (A.3)

Incident light is linear with both, p− and s−components; reflected light has under-
gone changes of amplitude and phase for both polarizations. A common ellipsom-
etry setup is shown in Fig. A.2 and consists of five basic parts: a light source, a
polarization generator, the sample itself, a polarization analyzer, and the detector.
For this work a so-called rotating analyzer ellipsometer (RAE) was used as also shown
in Fig. A.2.

A.2 Measurements

The polarizer axis is oriented between the p− and s− planes to ensure both po-
larizations are incident on the sample. Upon reflection from the sample the light
is elliptical polarized and detected after traveling through a continuously rotat-
ing polarizer. ψ and ∆ are then determined by comparison with the known input
polarization. Typically, regression analysis is used to derive the desired material
properties, such as layer thickness and refractive index, from the polarization data
measured. After the sample (ψ and ∆) is measured, a model is constructed to
describe the sample in terms of the predicted response from Fresnel’s equations.
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Software compares the calculated values of ψ and ∆ for estimated starting values
of thickness and/or refractive index and improves the match between experiment
and calculation typically via a regression technique.

Film thickness is determined through interference between light reflected at the
top surface and light reflected at the bottom surface, the latter traveling through
the film twice (i.e. four times, six times, and so on for multiple reflections between
bottom and top surface), resulting in constructive or destructive interference de-
pending on the relative phase. Ellipsometry is suitable to measure the thickness
of material layers ranging from nanometers to a few micrometers, but with films
thicker than several tens of microns, resolution of interference oscillations becomes
a limiting factor121. Ellipsometry cannot measure the thickness of a material layer
independent of its optical constants, since the material index affects light velocity
and refracted angle, thereby changing the path length of reflected light traveling
through the film. Both n and κ need to be determined along with the layer thickness
to ensure correct results. Optical constants are wavelength dependent, but a dis-
persion relationship can be used to describe the wavelength dependance. The ad-
justable parameters of this dispersion relationship ease matching of the measured
results at various wavelength to an overall optical constant shape. The Cauchy dis-
persion relationship for the index n is often used in case of transparent materials;
it is typically given as

n (λ) = A+
B

λ2
+
C

λ4
(A.4)

where the three terms are adjusted to match the refractive index of the material.
In this work, the deposited sample dummies (film on silicon substrate) where

measured in a VASE ellipsometer at two different incident angles, 50 ˚ and 60 ˚
towards the surface normal. Typically, the wavelength range from 500 nm to 1700
nm was scanned and measured, excluding the region of OH− absorption between
1350 and 1450 nm. The model used for regression consisted of a Cauchy layer on
top of a thick silicon substrate, starting values for thickness and refractive index
were estimated from deposition data; i.e. from deposition rates and composition.
The obtained refractive index results are very consistent for various samples and
are presented in chapter 3 of this thesis. Measured film thicknesses corresponded
well to those obtained by a physical measurement via a stylus instrument (pro-
filometer).
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APPENDIX B

Determination of laser beam profile and area

In general, even two lasers of the same model and type will not have the same beam
characteristics, such as beam area or threshold current. Insertion of various optical
components (e.g. lenses and mirrors) into our setup will furthermore change and
possibly distort the beam profile and spot. To be able to compare the effects of laser
irradiation on a sample photon flux values are commonly used. The photon flux,
φ, irradiant on a surface is defined as

φ =
P

A
× λ

hc
, (B.1)

where P is the laser power at the sample, A is the area irradiated, λ is the laser
wavelength, h is Planck’s constant, and c is the speed of light.

The laser power hitting the sample was readily measured with a silicon photo-
diode detector, but no instrument was available to determine the area of the laser
beam at the location of the sample. Measurement of the beam profile and subse-
quent derivation of the beam area was implemented as illustrated in Fig. B.1. A
detector with silicon photodiode was covered by a horizontal slit and placed at the
exact position of the samples, aligned to the center of the beam. The slit width
was 5 µm and therefore much smaller than the beam diameter of approximately
0.5 mm, whereas the length of the slit was long enough to allow the hole beam
through the slit in that dimension. By moving the slit as shown in the inset of
Fig. B.1 from point 0 (whole slit outside the beam area) horizontally towards the
beam, an intensity curve can be recorded. Circles and dashed curve in Fig. B.1
show the behavior of the integrated intensity while moving the slit from point 0 to
point x (full beam diameter within the slit). The beam intensity profile can then be
derived by differentiation of the integrated intensity and results in a gaussian in-
tensity profile also shown in Fig. B.1 as squares and solid curve after normalization
to the maximum value. By definition, the diameter of a laser beam is measured at
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Fig. B.1: Derivation of laser beam pro-
file and spot size.

the points at which the electric field has decreased to the 1/e value of the peak am-
plitude, or analogous where the intensity has decreased to the 1/e2 = 0.1353 of the
peak value. Using this definition the beam radius was determined to be r = 182.5
µm . In order to avoid collection of laser pump light during photoluminescence
measurements, the samples where turned by 45 ˚ away from the incident beam,
distorting the circular beam profile into an ellipse. The minor axis of this ellipse
is still r = 182.5 µm , whereas the major axis is now s =

√
2· 182.5 µm = 258.2 µm .

Finally, the area enclosed by this ellipse is calculated as A = πrs = 0.00148 cm2; the
latter beam area was used to determine all pump power density in the saturation
measurements of chapter 2.
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APPENDIX C

Erbium transition band fitting

In the course of investigating the effect of sample temperature on the Er3+ emis-
sion spectrum, energy levels within the 4I13/2 and 4I15/2 level manifolds were de-
termined via fitting the the overall spectrum with gaussian curves of the form

I (λ) = I0 · exp−
(λ−λ0)2

2c2 ,

where I0 is the peak intensity at the peak wavelength λ0, and c is a measure of the
broadening (i.e. the peak width).

Each Gaussian curve represents a radiative transition between a level of the up-
per manifold and a level of the ground state manifold. Since all in all 56 transitions
are theoretically possible (i.e. 8 × 7, from each of the 7 upper split levels to each
of the 8 lower split levels), a high number of fitting parameters is given. There-
fore, manual fitting (using Fityk 0.8.6) was required to obtain meaningful results.
A spectra obtained for a sample cooled to 77 K (see Fig. 1.8) was used for the fit,
taking advantage of the more distinct features of the primary and secondary peaks
as well as the ’tail’ features in this case.

First, a gaussian curve was fit to the primary peak at around 1534 nm, which
represents the transition from the lowest level in the 4I13/2 manifold to the lowest
level (E=0) in the 4I15/2 manifold. The secondary peak at around 1550 nm corre-
sponds to the transition from the lowest 4I13/2 to the next higher (E>0) level in the
ground state manifold.

By adding another gaussian peak centered left of the primary peak (i.e. con-
tributing to the ’shorter wavelength tail’ of the spectrum) at around 1525 nm, the
next higher split level in the 4I13/2 manifold was estimated. Now, the transition
energy (i.e. wavelength) between the this second lowest 4I13/2 and the second low-
est 4I15/2 level can be determined and added to the fit as another gaussian curve.
Keeping in mind the exponential character of the split level populations in each
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Fig. C.1: Radiative transitions between the 4I13/2 and 4I15/2 level manifolds of Er3+ ions at 77 K. The
energy of each level is given in form of the wavenumber on the left hand side. The wavelength of each
transition are indicated as downward arrows. Only the transitions shown are observable at T = 77 K; the
color-coding corresponds to the the fitted curves in Fig. 1.8, where blue represents transitions from the
lowest split level in the 4I13/2 manifold, whereas transitions from the second lowest 4I13/2 level are shown
in orange, continuing with green, red, purple, and finally pink.

manifold given by the Boltzman distribution as stated in Eqn. 1.5, one can continue
to add gaussian curves in the same way until the complete spectrum is satisfacto-
rily matched by the sum of all transitions or gaussian peaks, respectively. Although
this process is tedious and requires constant adjustment of height and width of al-
ready placed curves, a very good fit of the overall Er3+ emission spectrum was
achieved as shown in Fig. 1.8.

Not all 56 possible transitions are contributing to the overall spectrum, due
to the small populations in the higher-energy split levels at a temperature of 77
Kelvin. Only those transitions which can be resolved in the fit are illustrated as
colored arrows in Fig. C.1.

The wavenumbers of the involved split levels in the 4I13/2 and 4I15/2 manifolds
were determined from the observed transition energies (or wavelengths). At higher
temperatures populations in the higher energy split levels of each manifold grow
due to thermal excitation, increasing the probability of transitions from and to these
levels. Therefore, a Er3+ emission spectrum recorded at room-temperature was fit
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Fig. C.2: Emission spectra of Er3+ ions approximated using transitions between split levels found via
fitting of experimental spectra and a Boltzman distribution in level populations. Contributing transitions
(gaussian curves) and overall spectra (sum) are shown at 77 and 293 Kelvin.

to find these higher energy levels. The obtained energy values for all split levels
are shown in Fig. C.1.

Figure C.2 illustrates the change in the overall emission spectrum with sam-
ple temperature as observed in experiment (see section 2.4.3). Here, spectra for
temperatures of 77 Kelvin and 293 Kelvin are displayed. Transition wavelengths
were calculated from the previously determined energies of the split levels and
are represented by gaussian peaks. Also, the peak intensity of each transition was
estimated using the population distributions given by Eqn. 1.5 for the respective
temperature.

For example, the population in the lowest levels of the 4I13/2 and 4I15/2 mani-
folds were set to be 1, the transition between these levels (∼1534 nm) was therefore
weighted with a factor of 1 × 1 = 1. At 77 K, one then obtains (using Eqn. 1.5)
populations of 0.29 and 0.485 for the second lowest levels of each manifold, the
transition between these two levels (∼1541 nm) was accordingly weighted with
a factor of 0.29 × 0.485 = 0.14. The same transition is much stronger at 293 K
(0.72 × 0.82 = 0.59), due to increased thermal excitation. Both spectra in Fig. C.2
were obtained by summing all weighted transitions.

Not taken into account was the non-uniform broadening of the transitions (i.e.
the width of the gaussian curves), resulting in the rather ’bumpy’ character of the
overall spectrum. It is evident, that the increased luminescence intensities on the
left and right of the primary peak as well as the overall broadening, which were ob-
served in experiment for increased temperatures, are caused by thermal excitation
into higher energy split levels of the 4I13/2 and 4I15/2 manifolds.


